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ABSTRACT OF THE DISSERTATION
Synthesis, Core-Shell Growth, and Surface Chemistry of 2-Dimensional Cadmium Telluride and
Cadmium Selenide Nanocrystals
By
Haochen Sun
Doctor of Philosophy in Chemistry
Washington University in St. Louis, 2021
Professor William E. Buhro, Chair
This dissertation presents the synthesis, shell deposition, and surface ligand-exchange
chemistry of 2-dimensional cadmium telluride and cadmium selenide nanocrystals. Flat,
colloidal 2-dimensional CdTe and CdSe nanoplatelets are promising materials for optical and
electronic applications. The research presented here will enable better understanding of their
properties and facilitate further applications.
First, a new tellurium precursor, tris(dimethylamino)phosphine telluride is readily prepared
and is found to have superior reactivity than the trialkylphosphine tellurides that are commonly
used for nanocrystal synthesis. Wurtzite CdTe nanoplatelets, (CdTe)13 magic-size nanoclusters,
and CdTe quantum wires are synthesized with this precursor, and are fully characterized. It is
demonstrated that in amine solvent, this tellurium precursor undergoes transamination reactions,
affording (Me2N)x(RHN)3−xPTe. A reaction mechanism is proposed.
Second, CdS and CdSe shells are deposited on wurtzite CdTe nanoplatelets in a cyclic
manner, allowing fine tuning of the absorption spectrum of the nanoplatelets across the visible
spectrum, while maintaining the morphology, lattice structure, and the smooth surface texture of
xviii

the nanoplatelets. The CdTe nanoplatelets having an initial thickness of 1.9 nm are converted to
CdTe−CdS and CdTe−CdSe core−shell nanoplatelets having maximum thicknesses of 3.0 and
6.3 nm, respectively. Shell deposition is found to greatly improve the stability of the
nanoplatelets. CdS shells are also deposited on CdSe nanoplatelets.
Third, surface ligand-exchange chemistry of CdSe and CdTe nanoplatelets is investigated.
Surface ligands are important in determining the optical and electronic properties of
semiconductor nanocrystals. We demonstrate that the Z-type ligation on CdSe nanoplatelets
having the zinc-blende structure, large surface areas, and minimal strain distortions can be
exchanged for L-type ligation by ethylenediamine (en), affording nanoplatelets having a
composition of (CdSe)3[en]0.67, and this process can be reversely exchanged by Z-type ligands
such as CdCl2 and Zn(oleate)2, hence significantly expanding the types of available surface
ligand exchange reactions on CdSe nanoplatelets.
Fourth, we also compare and contrast the ligand exchange behavior on nonpolar, wurtzite
and polar, zinc-blende CdTe nanoplatelet surfaces. We show that wurtzite CdTe nanoplatelets of
composition (CdTe)[(n-octylamine)0.15(oleylamine)0.27] undergo reversible L-type to Z-type
ligand exchange with Cd(oleate)2, Zn(oleate)2, CdCl2, and ZnCl2. However, the wurtzite CdTe
nanoplatelets are unstable with anionic X-type ligation. In contrast, zinc blende CdTe
nanoplatelets of composition (CdTe)3[Cd(carboxylate)2]0.74 undergo semi-reversible X-type to
X’-type ligand exchange with CdCl2, CdBr2, and ZnCl2, but do not exhibit Z-type to L-type
ligand exchange. The wurtzite nanoplatelets with nonpolar surfaces prefer neutral L- or Z-type
ligation, whereas the zinc-blende nanoplatelets with polar surfaces prefer anionic X-type
ligation.

xix

Chapter 1
Introduction

1

In this dissertation, 2-dimensional (2D) cadmium telluride and cadmium selenide
nanoplatelets (NPLs, or quantum platelets, QPs) are synthesized, and are used for shell
deposition and surface ligand exchange chemistry research.
Recent years witness the growing demand for renewable energy sources and technology. As
two members of the II-VI semiconductor nanocrystal family, flat, colloidal CdTe and CdSe
nanocrystals show promising optical and electronic properties, and are intensively investigated
lately as potential thin-film solar cell materials.1,2 This dissertation aims to solve some of the
remaining problems about CdTe and CdSe NPLs, including their syntheses, shell deposition, and
surface ligand exchange chemistry.
In Chapter 2, we establish the preparation of a new tellurium precursor,
tris(dimethylamino)phosphine telluride, and demonstrate that this tellurium precursor can be
used to synthesize CdTe NPLs, quantum wires (QWs), and (CdTe)13 magic-size nanoclusters.
The (Me2N)3PTe/(Me2N)3P mixture exhibits higher reactivity than the commonly employed
trialkylphosphine telluride and trialkylphosphine mixture (R3PTe/R3P). We also propose a
potential precursor conversion pathway of this tellurium precursor.
In Chapter 3, we demonstrate that CdSe and CdS shells can be deposited on wurtzite CdTe
NPLs in a cyclic manner, with 0.21−0.34 monolayer (ML) of CdS and 0.99−1.20 MLs of CdSe
being deposited in each cycle. Shell deposition drastically increases the stability of the wurtzite
CdTe NPLs, and the absorption spectrum of the CdTe NPLs can be shifted to lower energy with
increasing shell thickness, across the visible spectrum. We also show that CdS shells can be
deposited on wurtzite CdSe NPLs, producing a shift in the absorption spectrum similar to that in
the CdTe NPLs.
2

In Chapter 4, we investigate the surface chemistry of zinc blende CdSe NPLs, and report that
the Z-type ligation of CdSe NPLs can be exchanged for L-type ethylenediamine ligation. L-type
ethylenediamine ligands can then be exchanged by Z-type ligands such as Cd(OAc)2 and ZnCl2.
We observe the slow kinetics of Z-type to L-type and L-type to Z-type ligand exchange reactions
on zinc blende CdSe NPLs, and propose a significant surface reconstruction during the exchange
process.
In Chapter 5, we further investigate the surface ligand exchange chemistry of CdTe NPLs.
Both wurtzite and zinc blende CdTe NPLs are ideal models for surface ligand exchange
chemistry research, but we demonstrate that, due to different surface structures, wurtzite and zinc
blende CdTe NPLs show contrasting surface ligand exchange behavior. Wurtzite CdTe NPLs
with non-polar surfaces prefer neutral L-type and Z-type ligands, hence allowing L-type to Ztype reversible ligand exchange reactions, whereas zinc blende CdTe NPLs with polar surfaces
prefer anionic X-type ligands, hence allowing X- to X'-type ligand exchange reactions.

1.1 Growth of 2D CdTe and CdSe NPLs
Flat, colloidal CdTe and CdSe NPLs have been synthesized in different morphologies,
thicknesses, sizes, and structures.3-5 Two types of NPL-growth pathways were general employed
in CdTe and CdSe NPL syntheses.
The first growth pathway involves an amine-bilayer mesophase, and is usually conducted in
long-chain amine solvents.6-9 This reaction mechanism was first revealed by Hyeon and coworkers.7 In a typical synthesis of CdSe NPLs, long-chain primary amines (n-octylamine,
oleylamine, etc.) or mixed primary amines and secondary amines can dissolve cadmium salts
such as CdCl2 and Cd(OAc)2, forming a lamellar amine-bilayer mesophase (see Figure 1.1),
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which was confirmed by low-angle XRD.3,4 This amine-bilayer mesophase serves as a template
for the nucleation and growth of the NPLs. When a selenium precursor, e.g., selenourea, is
introduced, lamellar-structured assemblies of (CdSe)13 magic-size nanoclusters are formed.
They are readily unbundled, appearing as single-layered sheets. After annealing, these (CdSe)13
intermediate mesophase then recrystallize into CdSe NPLs. Cadmium chalcogenide NPLs
synthesized involving amine-bilayer mesophase intermediates typically require a lower synthetic
temperature, and have the wurtzite (WZ) crystal structure.4

Figure 1.1. A schematic illustration of the amine-bilayer mesophase mechanism for the
formation of CdSe nanocrystals. Reprinted with permission from J. Am. Chem. Soc. 2011,
133, 17005–17013. Copyright 2011, American Chemical Society.

Long-chain cadmium carboxylate salts such as Cd(oleate)2, Cd(stearate)2, and Cd(myristate)2
are also used for the syntheses of CdTe and CdSe NPLs.10-15 Such methods do not involve the
amine-bilayer mesophase intermediates, and are believed to undergo a seeded growth mechanism
as proposed by Peng and Dubertret.3,14 In a typical synthesis of CdSe NPLs, a cadmium
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precursor such as Cd(myristate)2 reacts with a selenium precursor such as tri-n-octylphosphine
selenide (TOPSe) in a high boiling-point solvent (e.g., n-octadecene), forming CdSe
nanocrystals. The nanocrystals then grow to certain sizes, followed by the extension in the
lateral dimension of these seeds initiated by the addition of short-chain carboxylate salts (e.g.,
cadmium acetate or propionate). Cadmium chalcogenide NPLs synthesized via the seeded
growth mechanism typically requires a higher synthetic temperature, and have the zinc blende
(ZB) crystal structure.3

1.2 Structures of CdTe and CdSe NPLs
By altering the conditions of the syntheses, flat, colloidal CdTe and CdSe NPLs can be
obtained in discrete thicknesses, defined herein by the number of monolayers (ML) of Cd and E
(E = Te or Se) atoms.4 Typically, wurtzite CdTe and CdSe NPLs expose the {112� 0} facets as

their large top and bottom surfaces.4 These {112� 0} facets have equal number of Cd and E (E =

Te or Se) atoms, thus are nonpolar. The two long edges of the wurtzite NPLs are also believed

to be nonpolar. These nonpolar facets constitute the majority of the wurtzite NPL surfaces, and
are ligated with neutral amine ligands in a reaction mixture. The two end facets of an NPL,
however, are polar. They constitute only small fractions (about 3%) of the total NPL surface
area, and hence can be ignored.4
In contrast, zinc blende CdTe and CdSe NPLs are believed to expose {100} facets on all
surfaces.3 These {100} facets are polar, consisting of entirely Cd or E (E = Te or Se) atoms.
Further examination by Peng and Dubertret confirmed that these surfaces are all terminated by
Cd atoms, with anionic carboxylate ligation as synthesized.13,16,17 Recently there are reports by
Peng18 and Talapin19 establishing that the edges of the NPLs may be oriented to expose nonpolar
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facets such as {110} facets19, but these situations may only constitute minor populations of the
total surfaces, and are not observed in our cases.
Schematic illustrations of the wurtzite and zinc blende NPLs are shown in Figure 1.2.
Wurtzite NPLs have equal number of layers of Cd and E atoms, thus can only have discrete
thicknesses of integer number of MLs. Zinc blende NPLs, on the other hand, have an additional
layer of Cd atoms, thus always having an additional half-ML of atoms.4

Figure 1.2. Schematic illustration of 2D CdTe ZB and WZ crystal structures. Reprinted with
permission from Acc. Chem. Res. 2015, 48, 13−21. Copyright 2015 American Chemical
Society.

1.3 New Tellurium Precursor for CdTe Nanocrystal
Synthesis
The chemistry of CdTe nanocrystals is relatively underdeveloped among the nanocrystals of
the II-VI semiconductor family, in part due to the lack of suitable Te precursors for nanocrystal
synthesis. Tellurium precursors are poorly developed in semiconductor nanocrystal synthesis,
compared with selenium and sulfur precursors. Due to lower dissociative stability, the tellurium
6

analogues of several commonly used low-temperature selenium precursors, such as selenourea
and n-octadecene selenide, are not available.20 Although elemental tellurium and
trialkylphosphine telluride (e.g., tri-n-octylphosphine telluride, TOPTe) are used as the tellurium
source in some nanocrystal synthesis,21-23 they typically require high reaction temperatures. At
lower temperatures (50−100 °C), these tellurium precursors are insufficiently reactive for
nanocrystal synthesis.24,25
Rajh and coworkers found that a combination of TOPTe and superhydride (LiEt3BH) in
amine solvent generates polytelluride anions (Ten2-) that are sufficiently reactive towards
nanocrystal synthesis.24 The added superhydride reagent and the polytelluride anions are,
however, hard to control and often produce undesired byproducts.
In Chapter 2, we will demonstrate that (Me2N)3PTe as a (Me2N)3P solution exhibits the
enhanced reactivity of the TOPTe/superhydride system. We will show that
(Me2N)3PTe/(Me2N)3P is successful in the syntheses of (CdTe)13 magic-size clusters, CdTe
NPLs, and CdTe QWs.

1.4 Core-Shell Cadmium Telluride Nanoplatelets with
Absorptions Spanning the Visible Spectrum
CdTe and CdSe NPLs have properties that recommend their use in lighting and solarconversion applications, including sharp emission and absorption features, a pronounced
tendency to self-assemble into tight, highly ordered bundles and films, and large surface areas
that promote energy and charge transport between nanocrystals. CdSe NPLs, especially, are
more intensively investigated3,17 because of ease of syntheses and higher stability compared to
CdTe NPLs. 2D CdSe NPLs were first synthesized in 2008 by Dubertret and co-workers.10
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Subsequent studies established the syntheses and properties of several CdSe-based
heterostructures, such as core-shell CdSe-CdS NPLs,26-28 and core-crown CdSe-CdTe NPLs.29
On the other hand, relatively little has been reported about CdTe NPLs. Although CdTeCdSe core-crown materials have been reported,30,31 2D core-shell nanocrystals having CdTe
cores have not been previously investigated.
Because of their very thin quantum-confined dimension, CdTe and CdSe nanoplatelets emit
only at the high-energy end of the visible spectrum, limiting their utility. Realizing full
advantage of their excellent optical and physical properties will require extension of their
spectroscopic response across the visible regime.
In Chapter 3, we will show that the spectra of 2D CdTe nanoplatelets may be fine-tuned over
the visible spectrum by cyclic deposition of monolayer and sub-monolayer CdS and CdSe shells.
Shell deposition is achieved while maintaining the flat, rectangular morphologies and smooth
surface textures of the original CdTe nanoplatelets. We provide here the first examples of coreshell 2D nanocrystals having CdTe cores.

1.5 Ligand Exchange on CdTe and CdSe Nanoplatelets
As mentioned above, the optical and electronic properties of flat, colloidal CdTe and CdSe
semiconductor nanocrystals are largely influenced by their surface ligands. Semiconductor
nanocrystal surface ligation types were systemized by Owen and co-workers.32,33 Nanocrystal
ligands may be classified as L type (neutral Lewis bases), Z type (neutral Lewis acids), or X type
(one-electron donors functioning as anions). Post-synthetic ligand exchange is critically
important to nanocrystal applications. However, studies of ligand exchange in conventional
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quantum dots are complicated by the variety of facet types encapsulating the nanocrystals,34 all
of which have different ligand preferences, ligand-binding energies, and ligand surface densities.
Exchanges that occur on facets of one type may not occur at all on facets of other types.
Studies of ligand exchange are facilitated with nanocrystals having self-similar surface
facets, such that they all exhibit the same exchange chemistry. One such system is flat CdSe
nanocrystals having the wurtzite structure, in which the majority facets are all nonpolar and
nearly identical in structure. We have previously demonstrated that these nanocrystals undergo
rapid, reversible, and complete interchange of L-type, Z-type, and bound-ion-pair X-type
ligation.35,36
CdSe nanoplatelets having the zinc-blende crystal structure should be another such useful,
and complementary model system. They are enclosed by identical 100 polar facets, and should
reveal the ligand-exchange chemistry of polar facets. However, the ligand-exchange chemistry
of zinc-blende CdSe nanocrystals is currently limited to X- to X’-type exchange (for example,
oleate for chloride exchange).18,26,27,37-41
In Chapter 4, we will show that reversible Z-type to L-type ligand exchange occurs in zincblende CdSe nanocrystals, significantly extending available strategies for post-synthetic
modification. The kinetics of ligand exchange are five orders of magnitude slower than the
corresponding exchanges on nonpolar facets, and require a significant surface reconstruction.
These exchanges may be used to produce finely hetero-structured nanoplatelets.
CdTe nanoplatelets having wurtzite and zinc-blende structures are also ideal complementary
model systems for surface ligand exchange chemistry studies. Similar to CdSe, wurtzite CdTe
nanoplatelets have majority surfaces that are all nonpolar and charge neutral, and nearly identical
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in structure, whereas zinc-blende CdTe nanoplatelets have identical 100 facets that are all polar
and positively charged.
In Chapter 5, we will show that the neutral, nonpolar facets of the wurtzite CdTe
nanoplatelets exhibit reversible neutral Z-type acceptor to neutral L-type donor ligand exchange,
but are not amenable to anionic X-type ligation. In contrast, the positively charged polar facets
of the zinc-blende CdTe nanoplatelets exhibit semi-reversible anionic X-type to X’-type ligand
exchange, but are not amenable to Z-type to L-type exchange, and do not tolerate L-type ligation.
Thus, neutral nonpolar facets prefer neutral Z-type or L-type ligation and exchange between
them, whereas charged, polar facets prefer charged X-type ligation and exchange between
various X-type ligands.
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Chapter 2
Tellurium Precursor for Nanocrystal
Synthesis: Tris(dimethylamino)phosphine
Telluride*

*Adapted with permission from Sun, H.; Wang, F.; Buhro, W. E. ACS Nano 2018, 12, 12393–
12400. Copyright 2018 American Chemical Society.
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2.1 Introduction
In this chapter, we report the preparation of CdTe nanoplatelets (NPLs, or quantum platelets,
QPs) and CdTe quantum wires (QWs) using the tellurium precursor (Me2N)3PTe. This tellurium
compound, first reported in 1969,1 has not previously been employed in nanocrystal synthesis.
We show that its chemical reactivity exceeds that of tri-n-octylphosphine telluride (TOPTe),
which with other trialkylphosphine tellurides are the most often used Te precursors for syntheses
of CdTe nanocrystals in organic solvents.
In contrast to the rich chalcogen-precursor chemistry that has developed for the synthesis of
sulfide and selenide nanocrystals, the corresponding Te-precursor chemistry is still poorly
developed. Tellurium analogs to useful sulfur and selenium-containing reagents are in several
cases unavailable.2 Thus, telluroureas are presently unknown, as are reports of activating
tellurium for precursor applications by its dissolution in high-boiling alkene or amine solvents.
The phosphine tellurides (R3PTe) are less stable to dissociation (eq 1) than are their sulfide and
selenide congeners.2-4 This dissociative instability can be circumvented by employing R3PTe
precursors in the presence of significant concentrations of the parent phosphines, R3P, enabling
the use of trialkylphosphine tellurides as precursors for telluride nanocrystals.2,5-8

However, the R3PTe/R3P mixtures are insufficiently reactive for some nanocrystal syntheses.
Thus, Zhang, Rajh, and coworkers reported that ZnTe-nanocrystal synthesis required
temperatures in excess of 250 °C and afforded poorly defined nanocrystal morphologies when
TOPTe was used as the Te precursor.9 The same authors found that the combination of TOPTe,
superhydride (LiEt3BH), and primary amine generated telluride (Te2–) and polytelluride (Ten2–)
ions that were more reactive towards nanocrystal nucleation and growth, affording size and
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morphology control at significantly reduced temperatures (160 °C).9 Similarly, we found
TOPTe to be insufficiently reactive for the production of (CdTe)13 magic-size clusters and CdTe
quantum belts (nanoribbons) at comparatively low temperatures (50 – 100 °C), whereas these
syntheses were successful with TOPTe, superhydride, primary amine mixtures.10 We also found
that TOPTe was insufficiently reactive for the growth of CdTe quantum wires unless at high
reaction temperatures (e.g., 350 °C) or when a reaction catalyst di-n-octylphosphine (DOP)11-13
was added.3,14
We sought a Te precursor having the enhanced reactivity of the TOPTe/superhydride system
without the complication of the additional superhydride reagent, and the attendant uncertainty in
the speciation of the (Ten2–) ions generated. Murray and coworkers previously demonstrated that
a (Et2N)3PSe/(Et2N)3P precursor enabled PbSe nanorod growth at lower temperature than a
corresponding R3PSe/R3P precursor, suggesting higher reactivity for the former.20,21 We now
demonstrate that (Me2N)3PTe as a (Me2N)3P solution exhibits the enhanced reactivity of the
TOPTe/superhydride system, for the generation of (CdTe)13 magic-size clusters, CdTe quantum
platelets, and CdTe quantum wires.

2.2 Experimental Section
2.2.1 Materials and General Procedures
Cadmium bis(di-n-octyl)phosphinate (Cd(DOPT)2)14 and bismuth (Bi) nanoparticle (9-nm
diameter) stock solution3,15 (0.04 mmol Bi atoms g-1 solution) were prepared using previously
reported procedures. Anhydrous cadmium chloride (CdCl2, > 99%), tellurium granules (−5 + 50
mesh, 99.99%), tellurium powder (−200 mesh, 99.8%), n-octylamine (99%), oleylamine
(technical grade, 70%), toluene (ACS Reagent, ≥ 99.5%), methanol (ACS Reagent, ≥ 99.8%),
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potassium nitrate (≥ 99%), calcium nitrate tetrahydrate (≥ 99%), and sodium nitrate (≥ 99%)
were purchased from Sigma-Aldrich. Tris(dimethylamino)phosphine (97%) was purchased from
Alfa Aesar. Ethanol (anhydrous, 200 proof) was purchased from Decon Laboratories, Inc.
Chloroform (for HPLC, ≥ 99.9%) was purchased from Omnisolv, Millipore. Deuterated
dimethyl sulfoxide (DMSO-d6) and chloroform-d were purchased from Cambridge Isotope
Laboratories, Inc. TEM sample grids (carbon-coated copper) were obtained from Ted Pella, Inc.
Tri-n-octylphosphine oxide (TOPO) was recrystallized from 99% TOPO (Aldrich) before use.
Other reagents were used as received without additional purification.

2.2.2 Characterization Methods
UV−vis spectra were obtained from a PerkinElmer Lambda 950 UV−vis spectrometer. The
photoluminescence spectra were obtained from a Nanolog UV−vis−NIR spectrofluorometer or a
Varian Cary Eclipse fluorescence spectrophotometer at excitation wavelengths of 370 nm (3.35
eV) for quantum platelets, 320 nm (3.88 eV) for (CdTe)13 nanoclusters, and 528 nm (2.35 eV)
for quantum wires. A photoluminescence excitation spectrum of CdTe platelets was obtained
from a Nanolog UV−vis− NIR spectrofluorometer at an emission wavelength of 575 nm. XRD
patterns were obtained from a Bruker D8 Advance X-ray diffractometer using Cu Kα radiation
(1.5418 Å) with a low-background silicon sample holder. TEM images were collected from a
JEOL 2000FX microscope with an acceleration voltage of 200 kV. High-resolution TEM
images were collected using a JEOL JEM2100F STEM at 200 kV. NMR spectra were collected
using a Varian Unity Inova-500 spectrometer or a Varian Mercury-300 spectrometer.
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2.2.3 Preparation of a Tris(dimethylamino)phosphine Telluride Solution
In a test tube, a mixture of tellurium granules (0.255 g, 2.00 mmol) and
tris(dimethylamino)phosphine (1.796 g, 11.00 mmol) was stirred and heated at 100 °C for 3 h. A
clear yellow solution formed (0.974 mmol of (Me2N)3PTe per gram of mixture, which is about 1
M). The solution was allowed to cool to room temperature, during which white crystals (of
(Me2N)3PTe) precipitated from solution. The mixture was stored in air at room temperature and
required heating at 100 °C for 1 min to become a clear solution prior to use for syntheses. A
lower concentration solution (0.025 mmol of (Me2N)3PTe per gram of mixture, which is about
0.023 M) was prepared in a test tube by dissolving tellurium powder (0.008 g, 0.06 mmol) in
tris(dimethylamino)phosphine (2.50 g, 15.3 mmol) with sonication.

2.2.4 Preparation of a CdCl2 Solution
In a 25 mL round-bottom flask, a mixture of CdCl2 (0.275 g, 1.50 mmol), n-octylamine
(2.226 g, 17.22 mmol, about 3 mL), and oleylamine (5.691 g, 21.28 mmol, about 7 mL) was
magnetically stirred and heated at 100 °C for 1 h. (The molar ratio of n-octylamine to
oleylamine in this mixture was about 0.81.) The colorless (or slightly yellow, depending on the
quality of oleylamine) solution was then cooled to room temperature, and a white precipitate
formed. The mixture required heating at 100 °C for 2 min for the precipitate to dissolve prior to
its further use in syntheses. The concentration of CdCl2 in the homogeneous solution was 0.15
M.

2.2.5 Synthesis of CdTe NPLs and (CdTe)13 Nanoclusters
The CdCl2 solution (1.639 g, 0.300 mmol of CdCl2) and the 1 M (Me2N)3PTe solution (0.308
g, 0.300 mmol of Te) were combined in a septum-capped test tube. The mixture was heated at
18

100 °C for 16 h under nitrogen and then cooled to room temperature. The solution turned from
colorless or faintly yellow to orange after about 3 min of heating, and an orange precipitate
formed after 1−2 h of heating. An aliquot (ca. 0.1 mL) taken from the shaken reaction mixture
was dispersed in a mixture of chloroform (1 mL) and ethanol (2 mL), which was then
centrifuged and the supernatant discarded. The resulting product was purified by two additional
redispersion−centrifugation cycles with ethanol (3 mL each cycle). The purified product was
redispersed in chloroform for further analyses. The synthesis of (CdTe)13 nanoclusters used the
same procedure, except that the reaction temperature was decreased to 70 °C. The color of
(CdTe)13 was white rather than orange.

2.2.6 Synthesis of Bundled CdTe NPLs
In a septum-capped test tube, a mixture of CdCl2 (0.055 g, 0.30 mmol), n-octylamine (0.156
g, 1.21 mmol, about 0.2 mL), and oleylamine (1.463 g, 5.469 mmol, about 1.8 mL) was
sonicated and then heated at 100 °C for 1 h. (The molar ratio of n-octylamine to oleylamine was
about 0.21.) The mixture was cooled to room temperature, and 1 M
tris(dimethylamino)phosphine telluride solution (0.308 g, 0.300 mmol of Te) was added. The
mixture was then heated at 100 °C for 16 h under nitrogen and then cooled to room temperature.
An aliquot (ca. 0.1 mL) taken from the shaken reaction mixture was dispersed in a mixture of
chloroform (1 mL) and ethanol (2 mL), which was then centrifuged and the supernatant
discarded. The resulting product was purified by two additional redispersion−centrifugation
cycles with ethanol (3 mL each cycle). The purified product was redispersed in chloroform for
further analyses.
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2.2.7 Synthesis of CdTe QWs
In a 50 mL Schlenk tube, a mixture of purified TOPO (4.0 g, 10 mmol) and Cd(DOPT)2 (30
mg, 0.043 mmol) was magnetically stirred at 100 °C under vacuum for 20 min and backfilled
with nitrogen. This process was repeated twice. In a separate vial, a Bi nanoparticle solution (20
mg, 0.0008 mmol of Bi atoms) was combined with the 0.023 M tris(dimethylamino)phosphine
telluride solution (0.590 g, 0.015 mmol of Te). The Schlenk tube was heated at 250 °C for 5 min
in a salt bath (consisting of NaNO3 (54 g), KNO3 (164 g), and Ca(NO3)2 (117 g)), and then the
contents of the vial were quickly injected into the Schlenk tube. The solution immediately
turned from colorless to dark brown. The reaction mixture was removed from the heat bath after
2 min of reaction and solidified upon cooling to room temperature. An aliquot (ca. 0.1 g, one 6
mm spatula scoop) taken from the solid reaction mixture was dispersed in a mixture of toluene (1
mL) and methanol (2 mL), which was then centrifuged and the supernatant discarded. The
resulting product was purified by two additional redispersion−centrifugation cycles with a
mixture of toluene (1 mL) and methanol (2 mL) for each cycle. The purified product was
redispersed in toluene for further analyses.

2.3 Results
2.3.1 Preparation of CdTe NPLs
We adapted a previous synthesis of Hyeon and coworkers,16 which employed bis(tbutyldimethylsilyl)telluride as the Te precursor. Stoichiometric amounts of (Me2N)3PTe in
(Me2N)3P and CdCl2 in a mixed n-octylamine, oleylamine solvent were allowed to react at 100
°C. The reaction mixture turned orange within the first few min, which deepened in intensity
over 30 min. Gas evolution was observed over the same time scale (which is discussed further
20

below). The morphology of the product CdTe nanocrystals was observed to evolve at 100 °C,
and the reaction time was generally extended to several hours to allow such ripening.
The absorption (extinction) spectrum of the resulting CdTe NPLs exhibited features at 489
and 444 nm (Figure 2.1a), which matched the positions of the spectral features in the CdTe
quantum belts (nanoribbons) we reported previously.10 These absorptions were assigned to the
heavy hole 1B–1e and light-hole 1A–1e transitions, as before.10,17 The XRD pattern (Figure 2.1b)
confirmed the wurtzite structure of the NPLs, and afforded the lattice constants a = 4.40 Å and c
= 7.35 Å. Bulk CdTe does not exist in the wurtzite structure, but wurtzitic CdTe has been
obtained as a thin film, having a = 4.56 Å and c = 7.44 Å.18 Lattice contractions are frequently
observed in wurtzitic NPLs and belts, leading to decreased values of the lattice constants.17
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Figure 2.1. Characterization of CdTe NPLs. (a) Absorption (extinction) spectrum with
features at λmax 489 and 444 nm. (b) XRD pattern in the region of the prominent low-index
reflections confirming the wurtzite crystal structure. Reprinted with permission from ACS
Nano 2018, 12, 12393–12400.
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The TEM images in Figure 2.2 were obtained from CdTe NPLs resulting from a reaction
time of 16 h. The images revealed rectangular platelet morphologies with a mean length of 58.8
± 6.1 nm and a mean width of 25.0 ± 3.4 nm (Figure 2.2a and b, Figure 2.3a and b). Synthesis in
solvent mixtures further enriched in oleylamine permitted observation of stacked bundles of
NPLs, from which a uniform (discrete) thickness dimension of 1.9 ± 0.1 nm was determined
(Figure 2.2c, Figure 2.3c). This thickness was in good agreement with previous reports.10,19
TEM images of CdTe NPLs after 2 h of reaction time (Figure 2.4) showed distributions of
smaller, irregular CdTe platelets with significant populations of small fragments. We surmised
that these smaller platelets and fragments ripened over extended reaction time at 100 °C,
affording the morphological distribution in Figure 2.2a and b.

Figure 2.2. TEM images of CdTe NPLs, using (a, b) an optimized n-octylamine/oleylamine
mixture of v/v = 3/7, and (c) a mixture of v/v = 1/9, which favored platelet bundling.
Reprinted with permission from ACS Nano 2018, 12, 12393–12400.
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Figure 2.3. Size-distributions histograms for the dimensions of CdTe NPLs measured from
TEM images (like those in Figure 2a, b, and c). (a) Length: mean value was determined to
be 58.8 ± 6.1 nm; (b) Width: mean value was determined to be 25.0 ± 3.4 nm; and (c)
Thickness: mean value was determined to be 1.91 ± 0.13 nm. Reprinted with permission
from ACS Nano 2018, 12, 12393–12400.
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Figure 2.4. TEM image of CdTe NPLs after an insufficient reaction time of 2 h. Reprinted
with permission from ACS Nano 2018, 12, 12393–12400.

We also conducted this CdTe NPL synthesis in single amine solvents rather than in the
mixed n-octylamine, oleylamine solvent described above. The use of oleylamine as the sole
solvent gave mixtures of NPLs and small fragments comparable to that in Figure 2.2c (See
Figure 2.5a). The use of n-octylamine as the sole solvent gave a mixture of morphologies with
some sheet-like structures (Figure 2.5b). Thus, the mixture of n-octylamine and oleylamine as a
cosolvent was optimized to produce the NPL morphologies shown in Figure 2.5a and b.
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Figure 2.5. TEM images of CdTe NPLs, using (a) oleylamine and (b) n-octylamine as sole
solvents. Reprinted with permission from ACS Nano 2018, 12, 12393–12400.

2.3.2 Formation of Magic-Size (CdTe)13 Nanoclusters
We previously reported the preparation and isolation of magic-size nanoclusters [(CdTe)13(npropylamine)13] by reaction of Cd(OAc)2 and TOPTe/superhydride in n-propylamine solvent.10
The precursor TOPTe alone was found to be insufficiently reactive for this synthesis.10 Here we
investigated the generation of (CdTe)13 from a similar reaction employing (Me2N)3PTe.
As for the preparation of CdTe NPLs described above, stoichiometric amounts of
(Me2N)3PTe in (Me2N)3P and CdCl2 in a mixed n-octylamine, oleylamine solvent were allowed
to react, except at the reduced reaction temperature of 70 °C. The initially clear, colorless
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reaction mixture became cloudy within a few minutes, and then formed a white precipitate
within the first 2 h. Gas evolution was also observed, as described above.
The absorption spectrum of the white precipitate (Figure 2.6) corresponded to that of
[(CdTe)13(n-propylamine)13], with a pair of features at 371 and 353 nm.10 In this case the amine
ligation was some combination of n-octylamine and oleylamine, but we previously found the
spectra of (II-VI)13 nanoclusters to be insensitive to the identity of the primary-amine ligation.20

Figure 2.6. Absorption spectrum of [(CdTe)13(primary amine)x] with features at λmax 371
and 353 nm. Reprinted with permission from ACS Nano 2018, 12, 12393–12400.
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We previously established that the magic-size (II-VI)13 nanoclusters generated by analogous
synthetic methods proceed via spontaneously formed amine-bilayer templates, which entrained
the magic-size nanoclusters. These templates were readily disassembled into individual layers or
lamellae.17,21 TEM images of the [(CdTe)13(primary amine)x] product generated in the present
work are given in Figure 2.7. The triangular lamellae evident in the images closely resemble
those we previously reported from the synthesis of [(CdTe)13(n-propylamine)13].10 The results
established the successful formation of (CdTe)13 nanoclusters using the (Me2N)3PTe precursor.

Figure 2.7. TEM images of triangular (CdTe)13 lamellae at two magnifications. Reprinted
with permission from ACS Nano 2018, 12, 12393–12400.

2.3.3 Preparation of CdTe QWs
The conditions for CdTe quantum-wire growth were adapted from those previously
employed for the growth of nearly phase-pure wurtzite CdTe QWs.3,14 In that prior synthesis,
TOPTe was used successfully as the Te precursor in the presence of DOP as a reaction catalyst.
For the present study, cadmium bis(di-n-octyl)phosphinate (Cd(DOPT)2) and
(Me2N)3PTe/(Me2N)3P were allowed to react in TOPO solvent, in the presence of 9.1-nm28

diameter Bi catalyst nanoparticles. The reaction was conducted by injection of a mixture of
(Me2N)3PTe/(Me2N)3P and Bi nanoparticles into a TOPO solution of Cd(DOPT)2 at 250 °C. The
reaction mixture turned dark brown within 1 s, indicating CdTe QW growth. For comparison,
the corresponding reaction conducted under the same conditions using TOPTe/TOP as the Te
precursor required failed to produce wires without DOP as an additional reaction catalyst.3,14
The absorption (extinction) spectrum of the CdTe QWs is shown in Figure 2.8. The
spectrum closely resembled those reported previously for CdTe QWs.3,22,23 The positions of the
four prominent features were extracted by peak fitting (Figure 2.9), and were shifted to longer
wavelength (by about 20 nm) than the corresponding features for polytypic (zinc blende, wurtzite
mixed-phase) CdTe QWs having a mean diameter of 6.5 nm. This result suggested that the QWs
prepared here were of slightly larger diameter.

Figure 2.8. Absorption (extinction) spectrum of CdTe QWs having features at λmax 735,
670, 605, and 539 nm. These features are identified by arrows. Reprinted with permission
from ACS Nano 2018, 12, 12393–12400.
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Figure 2.9. Gaussian peak fitting for the absorption spectrum of CdTe quantum wires. The
black line is the multi-point baseline-substracted absorption spectrum of CdTe quantum
wires. Five absorption features at wavelengths of 735 nm, 712 nm, 670 nm, 605 nm, and 539
nm were determined, which are represented in green curves. The red curve is the sum of the
fitted peaks, which fits well with the spectrum. Reprinted with permission from ACS Nano
2018, 12, 12393–12400.

TEM images of the CdTe QWs are in Figure 2.10. They were similar to the wires prepared
analogously from the TOPTe/TOP precursor.3,14 Bismuth nanoparticles were observed at the tips
of the wires (Figure 2.10a and b), as expected for the SLS mechanism responsible for wire
growth.24 Analysis of the images gave a mean wire diameter of 6.8 ± 0.4 nm (Figure 2.11).
Figure 2.10c is a representative high-resolution TEM image of a single wire lattice, which
established that the wires contained zinc blende, wurtzite phase alternations along their axes, and
were thus polytypic. Such polytypicity is common in semiconductor wires grown by the SLS or
VLS mechanisms.24
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Figure 2.10. TEM images of CdTe QWs (a, b) at two magnifications, and (c) a highresolution image showing the zinc blende (ZB), wurtzite (WZ) phase alternations. The ZB
domains are identified by artificial color. Stacking faults and twinning boundaries are
marked by red lines. Bi catalyst particles are identified by blue arrows. Reprinted with
permission from ACS Nano 2018, 12, 12393–12400.
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Figure 2.11. Size-distributions histogram for the diameter of CdTe quantum wires measured
from TEM images (like those in Figure 6). The mean diameter was determined to be 6.8 ±
0.4 nm. Reprinted with permission from ACS Nano 2018, 12, 12393–12400.

2.3.4 Aspects of the Reaction Chemistry of (Me2N)3P and (Me2N)3PTe in
Amine Solvents
The gas evolved in the reactions conducted in the mixed-amine solvent was collected by
bubbling it through CDCl3 in an NMR tube. The 13C{1H} and 1H NMR spectra (Figure 2.12a, b)
of this gas showed it to be Me2NH, which was formed by transamination reactions of (Me2N)3P,
n-octylamine, and oleylamine.25-27 The combination of (Me2N)3P and n-octylamine, oleylamine,
or the mixed-amine solvent resulted in a similar gas evolution upon heating to ≥ 70 °C. The 31P
NMR spectra obtained from these mixtures after heating were complex, and assigned with the
assistance of ref 25. Resonances for the transaminated phosphines corresponding to the
substitution of one, two, and three of the original NMe2 groups (I-III of Scheme 1) of (Me2N)3P
were observed in the range of 98 – 112 ppm (Figure 2.13). Resonances at 4 and 13 ppm were
assigned25 to iminophosphorane tautomers28 of I-III (IV-VI in Scheme 2.1).
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Scheme 2.1. Products of Transamination Reactions of (Me2N)3P.a Reprinted with
permission from ACS Nano 2018, 12, 12393–12400.

a

R = n-octyl or oleyl

Figure 2.12. Room temperature (a) 13C{1H} and (b) 1H NMR spectra of the evolved gas
collected by bubbling through CDCl3 from a typical CdTe NPL synthesis. Reprinted with
permission from ACS Nano 2018, 12, 12393–12400.
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Figure 2.13. Room-temperature 31P{1H} NMR spectrum from the reaction of (Me2N)3P and
oleylamine (conducted at 100 °C). (a-c) After 1 h of reaction. (a) Resonances in the range of
2 – 30 ppm; (b) Resonances in the range of 95 – 120 ppm; and (c) Full spectrum. (d) After 8
h of reaction, with the inset showing the expand spectrum in the range of 0 – 30 ppm.
Reprinted with permission from ACS Nano 2018, 12, 12393–12400.
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We next considered the reactivity of the (Me2N)3P/(Me2N)3PTe reagent with n-octylamine,
oleylamine, and the mixed-amine cosolvent. This reagent was prepared by combining (Me2N)3P
and Te granules in an approximate 5.5:1.0 molar ratio, and heating the mixture to 100 °C for 3 h.
The exchange of Te between R3PTe and the parent phosphines R3P is rapid on the NMR time
scale.2 Thus, the room-temperature 31P{1H} NMR spectrum of the (Me2N)3P/(Me2N)3PTe
mixture contained two exchange-broadened resonances at 115 ppm (corresponding to (Me2N)3P)
and 58 ppm (corresponding to (Me2N)3PTe;29 see Figure 2.14). The chemical shift of pure
(Me2N)3P is 123 ppm, so the upfield shift observed in the (Me2N)3P/(Me2N)3PTe mixture was
the result of the chemical exchange.

Figure 2.14. Room-temperature 31P{1H} NMR spectrum of the (Me2N)3P/(Me2N)3PTe
mixture showing two major resonances at 115 and 58 ppm. Reprinted with permission from
ACS Nano 2018, 12, 12393–12400.

The (Me2N)3P/(Me2N)3PTe reagent was heated in n-octylamine, oleylamine, and the mixedamine cosolvent at 100 °C. The room-temperature 31P{1H} NMR spectra of these three reaction
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mixtures were quite similar. That from the reaction in oleylamine is shown Figure 2.15 in the
region (85 – 120 ppm) of the resonances for (Me2N)3P and I-III (Scheme 2.1). Four major
exchange-broadened resonances were observed (along with some minor unassigned resonances),
corresponding to (Me2N)3P and I-III participating in chemical-exchange with the corresponding
phosphine tellurides. The resonances for the phosphine tellurides, which were expected near 58
ppm, were not observed, presumably due to extreme exchange broadening. Figure 2.15 reveals
that the intensity and breadth of the (Me2N)3P resonance were considerably smaller than those of
I-III, suggesting that most of the Te was bound to the transaminated derivatives I-III, and that the
remaining (Me2N)3P was least involved in the exchange process with Te.

Figure 2.15. Room-temperature 31P{1H} NMR spectrum from the reaction of
(Me2N)3P/(Me2N)3PTe and oleylamine (conducted at 100 °C). Resonances in the range of 85
– 120 ppm are plotted, corresponding to the exchange-broadened resonances of (Me2N)3P, I,
II, and III. Tentative assignments and chemical-shift values are inset in the figure. Reprinted
with permission from ACS Nano 2018, 12, 12393–12400.

The reaction of (Me2N)3P/(Me2N)3PTe and CdCl2 was then conducted in the mixed-amine
solvent under the conditions of the optimized synthesis of CdTe NPLs (described above). The
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P{1H} NMR spectrum (Figure 2.16) of the reaction mixture after 10 min at 100 °C closely

resembled that in Figure 2.15. The spectrum did not change significantly with further reaction
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time. Spectra of the reaction mixture contained a small resonance at 25 ppm, previously
assigned to the phosphonium salt {P[NH(oleyl)]4}Cl,25 and another even smaller resonance at 50
ppm. The significance of these observations is addressed in the Discussion.

Figure 2.16. Room-temperature 31P{1H} NMR spectrum of CdTe NPL reaction mixture
after 10 min at 100 °C, with inset (a) showing expanded spectrum in the range of 85 – 120
ppm and inset (b) showing expanded spectrum in the range of 0 – 30 ppm. Reprinted with
permission from ACS Nano 2018, 12, 12393–12400.

2.4 Discussion
The results above establish that the actual tellurium precursor in the CdTe NPL and (CdTe)13
syntheses employing the n-octylamine, oleylamine cosolvent is almost certainly not (Me2N)3PTe,
but rather some combination of the transaminated phosphine tellurides VII-IX (Scheme 2.2).
However, because the CdTe QW synthesis is not conducted in an amine solvent, (Me2N)3PTe is
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likely the true tellurium precursor in that case. The reactivity of these tris(amino)phosphine
tellurides is shown to be higher than that of the corresponding trialkylphosphine tellurides such
as TOPTe by the following observations. As noted above, TOPTe is insufficiently reactive for
the CdTe NPL synthesis reported here, which is readily achieved with the tris(amino)phosphine
tellurides. Furthermore, the rate of CdTe QW growth at 250 °C using (Me2N)3PTe is extremely
rapid, as evidenced by the very short reaction time (1 s), and the polytypic crystal structures of
the wires.3,14 In contrast, attempts to grow CdTe QWs were not successful when TOPTe was
employed as the Te precursor (without DOP) under the same conditions.3,14 Thus, the rapid
growth and polytypicity of the wires is evidence of the enhanced reactivity of the Te precursors
explored here. Tris(amino)phosphine tellurides are known to have stronger P-Te bonds than do
trialkylphosphine tellurides.4,30 We suggest that the enhanced reactivities of the
tris(amino)phosphine tellurides are due to an increased nucleophilicity compared to
trialkylphosphine tellurides, which results from the electron-releasing character of the amino-N
lone pairs.
Scheme 2.2. Transaminated Phosphine Tellurides.a Reprinted with permission from
ACS Nano 2018, 12, 12393–12400.

a

R = n-octyl or oleyl

The complexity of the 31P{1H} NMR spectra of the reaction mixtures precludes us from
confidently identifying the tris(amino)phosphine-based product(s) of the CdTe NPL synthesis.
However, we provide a speculative reaction pathway (Scheme 2.3) that is analogous to that
proposed for the corresponding nanocrystal syntheses employing trialkylphosphine tellurides.2,3138
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In the first step of Scheme 2.3, the tris(amino)phosphine telluride nucleophilically attacks

CdCl2, displacing a chloride ion. In the second step the liberated chloride ion nucleophilically
attacks the P center, forming CdTe and the chlorophosphonium salt [ClP(NHR)x(NMe2)3-x]Cl.
The chlorophosphonium salt [ClP(NMe2)3]Cl is reported to have a 31P{1H} NMR chemical shift
at 50.3 ppm.34 We did observe a vanishingly small resonance at 50 ppm (Figure 2.16) in spectra
of the reaction mixtures. Given the complexity of these spectra, the further conversion
[ClP(NHR)x(NMe2)3-x]Cl to other products is conceivable. As noted above, a small amount of
[P(NHR)4]Cl was found among the reaction products, which was previously identified as a
product of the reaction of InCl3 and P(NEt2)3 in an oleylamine solvent.25
Scheme 2.3. Proposed Reaction Pathway.a Reprinted with permission from ACS Nano
2018, 12, 12393–12400.

a

R = n-octyl or oleyl

2.5 Conclusions
The tris(amino)phosphine telluride (Me2N)3PTe, and its transaminated analogs generated in
primary-amine solvents, are shown to be potent CdTe nanocrystal precursors. These precursors
have reactivities exceeding those of the trialkylphosphine telluride relatives, and paralleling that
of the TOPTe/superhydride precursor mixture. The identification (Me2N)3PTe and its analogs
increases the availability of Te precursors for the synthesis of telluride semiconductor
nanocrystals.
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Chapter 3
Core-Shell Cadmium Telluride Nanoplatelets
with Absorptions Spanning the Visible
Spectrum*

*Adapted with permission from Sun, H.; Buhro, W. E. ACS Nano 2019, 13, 6982−6991.
Copyright 2019 American Chemical Society.
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3.1 Introduction
In this chapter, we report core-shell CdTe-CdS and CdTe-CdSe nanoplatelets (NPLs)
prepared by a cyclic, shell-deposition procedure on CdTe NPLs having a discrete thickness of
1.9 nm. The CdS and CdSe shells stabilize the CdTe NPLs, and shift the absorption spectra to
lower energies. The core-shell NPLs retain the morphologies and smooth surface textures of the
core-only CdTe NPLs. Our analyses establish that the shells are deposited in fractions of
monolayers, and to ultimate shell thicknesses of 3.0 and 6.3 nm for CdS and CdSe, respectively.
Shell deposition in fractions of monolayers allows fine control of spectral tuning across the entire
visible spectrum. We show that the spectral shifts scale as the inverse square of the entire coreshell thicknesses of the NPLs.
Relatively little has been reported about flat (2D), colloidal nanocrystals of CdTe
(nanoplatelets or nanoribbons). Hyeon and coworkers introduced CdTe nanosheets having the
wurtzite structure in a study focused on wurtzite CdSe nanosheets.1 Subsequently, Dubertret and
coworkers reported the absorption spectra of zinc-blende CdTe nanoplatelets of several discrete
thicknesses,2 and later the optimized syntheses and growth pathways for these CdTe
nanocrystals.3 Buhro and coworkers prepared wurtzite CdTe nanoribbons from magic-size
(CdTe)34 nanoclusters.4,5 Xu, Hou, and Zhang described the synthesis of CdTe nanoplatelets
from magic-size clusters.6 The wurtzite CdTe NPLs employed in this study were reported by
Sun, Wang, and Buhro in 2018.7 Although CdTe-CdSe core-crown nanoplatelets have been
prepared,8,9 to our knowledge 2D core-shell nanocrystals having CdTe cores have not been
previously investigated.
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The sharp absorption and emission spectra of 2D II-VI nanocrystals,3,10-13 and their tendency
to self-assemble into face-to-face stacks14-20 and dense, well-ordered films21 suggest their use as
light emitters, and for solar-energy capture and conversion. However, the thin dimensions of
these nanocrystals shift their spectral features towards the upper limit of the visible spectrum.
Applications of these nanocrystals would be facilitated by a broader spectral coverage. Ithurria
and Talapin first demonstrated that the spectra of 2D CdSe nanoplatelets were shifted towards
lower energies across the visible spectrum by deposition of CdS shells of varying thicknesses.22
We now report application of an analogous strategy to shell deposition on and spectral shifting in
core-shell CdTe NPLs.

3.2 Experimental Section
3.2.1 Materials and General Procedures
Wurtzite CdTe NPLs were synthesized using our previously reported method.7 Selenourea
(98%), n-octylamine (99%), oleylamine (technical grade, 70%), anhydrous cadmium chloride
(99%), selenium powder (−100 mesh, 99.5% trace metals basis), trioctylphosphine (97%), and
chloroform (99.9%, with amylenes as stabilizer) were purchased from Sigma-Aldrich. Cadmium
acetate dihydrate (Cd(OAc)2∙2H2O, Analytical Reagent) was purchased from Mallinckrodt.
Thiourea (99%) was purchased from Alfa Aesar. Ethanol (anhydrous, 200 proof) was purchased
from Decon Laboratories, Inc. Elemental check standards for ICP-OES analyses were purchased
from SPEX CertiPrep. TEM sample grids (carbon-coated copper) were obtained from Ted Pella,
Inc. All reagents were used as received without additional purification.
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3.2.2 Characterization Methods
UV-vis spectra were obtained from an Agilent Cary 60 UV-vis spectrophotometer. XRD
patterns were obtained from a Bruker d8 Advance X-ray diffractometer using Cu Kα radiation
(1.5418 Å) with a low-background silicon sample holder. TEM images were collected from a
JEOL 2000FX microscope with an acceleration voltage of 200 kV. EDS measurements were
obtained on the same JEOL 2000FX microscope at 200 kV. High-resolution TEM images were
collected using a JEOL JEM-2100F STEM at 200 kV. IR spectra were collected from a Bruker
Optics Alpha FT-IR system. ICP-OES data were obtained from a PerkinElmer ICP-OES PE
Optima 7300DV. A 10 ppm Sc internal standard solution was added to all samples and blanks
during measurements.

3.2.3 Preparation of Shell-Growth Precursor Solutions
A cadmium acetate solution (0.100 M Cd(OAc)2∙2H2O in ethanol) was prepared by
dissolving Cd(OAc)2∙2H2O (0.267 g, 1.00 mmol) in ethanol (10 mL) with vigorous shaking. A
selenourea solution (0.016 M selenourea in ethanol) was prepared by dissolving selenourea
(0.020 g, 0.16 mmol) in ethanol (10 mL) with vigorous shaking. A lower-concentration
selenourea solution (0.010 M selenourea in ethanol) was prepared by dissolving selenourea
(0.012 g, 0.10 mmol) in of ethanol (10 mL) with vigorous shaking. A thiourea solution (0.025 M
thiourea in ethanol) was prepared by dissolving thiourea (0.019 g, 0.25 mmol) in ethanol (10
mL) with vigorous shaking. An oleylamine solution (20% v/v, oleylamine in ethanol) was
prepared by mixing oleylamine (20 mL) and ethanol (80 mL).
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3.2.3 Amine-Ligand Exchange by Cadmium Acetate on CdTe NPLs
Wurtzite CdTe NPLs were synthesized on a scale of about 1.8 g of reaction mixture in each
batch.7 An aliquot (0.12 g, containing roughly 0.02 mmol CdTe) of the reaction mixture from
the synthesis of CdTe NPLs was dispersed in a mixture of chloroform (1 mL) and ethanol (2
mL), which was then centrifuged and the supernatant discarded. The resulting product was
purified by an additional redispersion-centrifugation cycle with ethanol (3 mL). The purified
product was re-dispersed in ethanol (2 mL), and the cadmium acetate solution (0.1 M, 1.0 mL)
was added. The mixture turned from yellow-orange to orange immediately after the addition of
cadmium acetate solution. This dispersion was employed in the subsequent shell-deposition
procedures.

3.2.4 Deposition of a CdS Shell on Cadmium Acetate-Ligated CdTe NPLs
The dispersion of Cd(OAc)2-ligated CdTe NPLs from the ligand-exchange procedure (above)
was centrifuged and the supernatant discarded. The CdTe NPLs were then dispersed in
chloroform (2 mL) and transferred to a 10 mL round-bottom flask with vigorous stirring. The
thiourea solution (0.025 M, 1.0 mL) was quickly added into the reaction flask. After 5 min, the
oleylamine solution (20%, 2 mL) was rapidly added. The solution color changed from orange to
yellow immediately after the addition of the thiourea solution and gradually (3 min) turned an
orange color similar to that of the cadmium-acetate-ligated CdTe NPL suspension. No further
color change was observed thereafter. The reaction mixture was then centrifuged and the
supernatant discarded. The resulting product was purified by an additional redispersioncentrifugation cycle with ethanol (3 mL). This step, together with the previous Cd(OAc)2exchange step, was repeated for desired numbers of cycles to obtain CdTe-CdS core-shell NPLs
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absorbing at different wavelengths. The purified final product was re-dispersed in chloroform
for further analyses.

3.2.5 Deposition of a CdSe Shell on Cadmium Acetate-Ligated CdTe NPLs
The dispersion of Cd(OAc)2-ligated CdTe NPLs from the ligand-exchange procedure (above)
was centrifuged and the supernatant discarded. The CdTe NPLs were then dispersed in
chloroform (2 mL) and transferred to a 10 mL round-bottom flask with vigorous stirring. The
selenourea solution (0.016 M, 1.0 mL) was quickly added into the reaction flask, followed
immediately (within 1 s) by the rapid addition of the oleylamine solution (20%, 2 mL). The
solution changed from orange to orange-red during the addition of selenourea solution but
retained its color during the addition of oleylamine solution. The reaction mixture was then
centrifuged and the supernatant discarded. The resulting product was purified by an additional
redispersion-centrifugation cycle with ethanol (3 mL). This step, together with the previous
Cd(OAc)2-exchange step, was repeated for desired numbers of cycles to obtain CdTe-CdSe coreshell NPLs absorbing at different wavelengths. The purified final product was re-dispersed in
chloroform for further analyses.

3.2.6 Deposition of Fractions of a CdSe Shell ML on Cadmium AcetateLigated CdTe NPLs
The dispersion of Cd(OAc)2-ligated CdTe NPLs from the ligand-exchange procedure (above)
was centrifuged and the supernatant discarded. The CdTe NPLs were then dispersed in
chloroform (2 mL) and transferred to a 10 mL round-bottom flask with vigorous stirring. The
selenourea solution (0.010 M, 200 µL, 400 µL, or 600 µL, for roughly 0.25, 0.50, or 0.75 ML of
CdSe, respectively) was added dropwise with 1 s between every two drops. After the addition of
selenourea solution, the oleylamine solution (20%, 2 mL) was rapidly added. The reaction
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mixture was then centrifuged and the supernatant discarded. The resulting product was purified
by an additional redispersion-centrifugation cycle with ethanol (3 mL). The purified final
product was re-dispersed in chloroform for further analyses.

3.2.7 Synthesis and CdS Shell Deposition Protocol for Wurtzite CdSe NPLs
Synthesis of CdSe NPLs having a discrete thickness of 1.8 nm and the wurtzite structure was
adapted from a previous synthesis reported by Hyeon and coworkers.1 In a 10 mL round-bottom
flask, a mixture of CdCl2 (0.110 g, 0.6 mmol), n-octylamine (2.346 g, 18.15 mmol, about 3 mL),
and oleylamine (2.438 g, 9.11 mmol, about 3 mL) was magnetically stirred and heated at 100 °C
for 1 h, and was then cooled to room temperature. Se powder (0.142 g, 1.8 mmol) was
introduced at this point. The mixture under nitrogen was heated at 100 °C for 16 h and was then
cooled to room temperature.
Amine-ligand exchange by cadmium acetate and deposition of a CdS shell on CdSe NPLs
used the same procedure for CdTe NPLs, except that the only 0.06 g (containing roughly 0.02
mmol CdSe) of the reaction mixture was used in each batch of shell deposition rather than 0.12 g
of the reaction mixture in the case of CdTe, and that during the first dispersion-centrifugation
cycle, tri-n-octylphosphine (ca. 0.5 mL) was added to remove excess elemental selenium.

3.2.8 Determination of the Quantities of Shell Deposited (in ML) per Cycle of
Shell Deposition.
The core-only CdTe NPLs have a discrete thickness of 1.9 nm and are determined to have 5
MLs of CdTe. One-ML deposition of CdS or CdSe shell on the top and bottom surfaces of CdTe
NPLs results in an S(Se):Te elemental ratio of 0.4.
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We previously determined that the core-only CdTe NPLs have mean lengths of 58.8 ± 6.1
nm, mean widths of 25.0 ± 3.4 nm, and mean thicknesses of 1.9 ± 0.1 nm.7 The two long, nonpolar edges of NPLs also provide surfaces viable for ligand exchange and shell deposition.
These edges increases the total surface of NPLs by 7.6% (1.9 nm / 25.0 nm), making the
theoretical S(Se):Te elemental ratio for a single ML shell deposition to be 0.43.
A similar method was applied to 4 ML-CdSe wurtzite NPLs having a discrete thickness of
1.8 nm. One-ML deposition of CdS shell on the top and bottom surfaces of CdSe NPLs results
in an S:Se elemental ratio of 0.4. The as-synthesized CdSe NPLs have mean widths of 35.2 ±
6.8 nm, thus increasing the total non-polar surface by 4.0% (1.4 nm / 35.2 nm), making the
theoretical S:Se elemental ratio for a single ML shell deposition to be 0.42.
Therefore, we calculated the shell thickness (in ML) of core-shell CdTe-CdS or CdTe-CdSe
after various cycles of shell deposition by dividing the corresponding S(Se):Te elemental ratio of
these samples by 0.43 (or dividing the S:Se ratio by 0.42 in the case of CdSe-CdS). Linear
fitting of the shell thicknesses (in ML) vs. shell-deposition cycles gives the quantities of shell
deposited per cycle as the slope.

3.3 Results
3.3.1 Shell Growth on CdTe NPLs
The starting, core-only CdTe NPLs were synthesized as previously described in an
oleylamine, n-octylamine co-solvent mixture.7 These NPLs exhibited the wurtzite structure, a
mean length of 59 nm, a mean width of 25 nm, and a discrete thickness of 1.9 nm, corresponding
to 5 monolayers (MLs) of CdTe (Figure 3.1). As synthesized, the NPLs were passivated
exclusively by primary-amine (L-type)23 ligation, from the preparative co-solvent. They
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exhibited an absorption spectrum characteristic of flat, 2D semiconductor nanocrystals,24 having
two sharp features at 444 and 489 nm (Figure 3.2a).

Figure 3.1. TEM image of core-only CdTe NPLs.7 Reprinted with permission from ACS
Nano 2019, 13, 6982−6991.
A CdS shell was deposited on the CdTe NPL cores by the following steps. First, the L-type
amine ligation was exchanged for Z-type23 Cd(OAc)2 ligation by addition of an ethanolic
solution of Cd(OAc)2·2H2O. This exchange occurred instantaneously at room temperature, gave
a detectable color change, and shifted the absorption features of the CdTe NPLs to lower energy
(Figure 3.2b), as expected for such an L-type to Z-type ligation exchange.25,26 In the second step,
thiourea was added to the Cd(OAc)2-ligated NPLs at room temperature, converting the
Cd(OAc)2 to a CdS shell. The absorption spectrum after re-ligation with oleylamine is shown in
Figure 3.2c, in which the two NPL features appeared at 467 and 524 nm. We note that addition
of oleylamine did not shift the spectrum back to the initial one by a reverse Z- to L-type ligation
exchange (Figure 3.2a), which is consistent with shell deposition.
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Figure 3.2. UV-vis absorption (extinction) spectra corresponding to the steps in shell
deposition. (a) As-synthesized CdTe NPLs with amine passivation. (b) CdTe NPLs ligated
by cadmium acetate. (c) CdTe-CdS core-shell NPLs after one cycle of shell deposition. (d)
CdTe-CdSe core-shell NPLs after one cycle of shell deposition. Reprinted with permission
from ACS Nano 2019, 13, 6982−6991.
We also observed that the CdS shell dramatically stabilized the CdTe NPLs against ambient
oxidation. Core-only CdTe NPLs exposed to air darkened and began decomposing within 2 – 7
days. In contrast, the CdTe-CdS core-shell NPLs were stable in air for at least one month.
A similar procedure was employed for deposition of a CdSe shell. After ligation of the NPLs
with Cd(OAc)2 as above, selenourea was added to convert the Cd(OAc)2 to CdSe. Selenourea is
considerably more reactive than is thiourea, which required oleylamine to be added immediately
after selenourea addition to avoid other deleterious reactions and loss of spectral resolution. The
absorption spectrum of the amine-ligated CdTe-CdSe core-shell NPLs is shown in Figure 3.2d.
These core-shell NPLs were also stabilized against ambient oxidation.
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IR spectra corresponding to the various steps of shell deposition are in Figure 3. The
spectrum for the starting core-only NPLs contains N-H stretching modes in the region of 3300 –
3100 cm-1 corresponding to the primary-amine ligation (Figure 3.3a). These are replaced upon
exchange for Cd(OAc)2 ligation by two prominent bands at 1530 and 1410 cm-1 for the
asymmetric and symmetric CO2 stretches, respectively (Figure 3.3b). The spectra obtained after
the shell-forming reactions and re-ligation with n-octylamine are given in Figure 3.3c (CdS shell)
and Figure 3.3d (CdSe shell). In these the CO2 features are removed and the N-H stretches are
restored.

Figure 3.3. FT-IR spectra corresponding to the steps in shell deposition. (a) As-synthesized
CdTe NPLs with amine passivation. (b) CdTe NPLs ligated by cadmium acetate. (c) CdTeCdS core-shell NPLs after one cycle of shell deposition. (d) CdTe-CdSe core-shell NPLs
after one cycle of shell deposition. Arrows identify the N-H stretches (3300 – 3100 cm-1)
and the CO2 stretches (1530 and 1410 cm-1). The peaks at 2100 and 2000 cm-1 in the spectra
c and d were unidentified. Reprinted with permission from ACS Nano 2019, 13, 6982−6991.
We note that the stepwise procedures for shell deposition described above are analogous to
those previously employed for similar shell depositions on zinc-blende CdSe NPLs.22,27
However, because the zinc-blende nanoplatelets are terminated by 001 polar Cd-rich facets, the
steps are reversed. For the zinc-blende nanoplatelets, the first step is reaction employing a
sulfide precursor, followed by reaction employing the metal-ion precursor.
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Several additional cycles of CdS shell deposition were conducted using the steps described
above. The spectrum in Figure 3.4b corresponds to the first cycle of shell deposition, and is the
same as that recorded in Figure 3.2c. Each additional cycle of shell growth (Figure 3.4c-h)
resulted in a progressive shifting of the absorption features to longer wavelengths, to 625 nm for
the lowest-energy feature after 7 cycles of deposition (See Table 3.1). TEM images of the CdTeCdS core-shell NPLs having 2, 4, and 7 cycles of shell deposition are shown in Figure 3.5. The
images revealed that the rectangular NPL morphologies were retained, and that the shells
appeared to be smooth. CdTe-CdS core-shell NPLs having only a single cycle of shell
deposition were unstable under the electron beam in the TEM; however, those having 2 or
greater cycles of shell deposition were successfully imaged.

Figure 3.4. UV-vis absorption (extinction) spectra of (a) core-only CdTe NPLs, and CdTeCdS core-shell NPLs after various numbers of shell-growth cycles: (b) 1 cycle, (c) 2 cycles,
(d) 3 cycles, (e) 4 cycles, (f) 5 cycles, (g) 6 cycles, and (h) 7 cycles. Reprinted with
permission from ACS Nano 2019, 13, 6982−6991.
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Table 3.1. Extracted peak positions from UV-absorption (Extinction) spectra of CdTe
core-only and CdTe-CdS core-shell NPLs. Reprinted with permission from ACS Nano
2019, 13, 6982−6991.
Shell
cycle no.
0
Cd(OAc)2ligated
1
2
3
4
5
6
7

First Peak
(nm)
489 ± 1

First Peak
(eV)
2.537 ± 0.005

Second Peak
(nm)
444 ± 1

Second Peak
(eV)
2.794 ± 0.006

519 ± 1

2.389 ± 0.005

457 ± 2

2.713 ± 0.012

524 ± 4
544 ± 5
566 ± 2
585 ± 5
601 ± 5
613 ± 5
625 ± 7

2.369 ± 0.018
2.279 ± 0.020
2.191 ± 0.009
2.120 ± 0.018
2.062 ± 0.018
2.022 ± 0.017
1.983 ± 0.021

467 ± 5
482 ± 5
496 ± 8
505 ± 6
516 ± 5
524 ± 7
532 ± 8

2.655 ± 0.028
2.575 ± 0.026
2.501 ± 0.039
2.454 ± 0.031
2.402 ± 0.025
2.366 ± 0.030
2.332 ± 0.033

Figure 3.5. TEM images of CdTe-CdS core-shell NPLs. (a) Two cycles of shell growth.
(b) Four cycles of shell growth. (c) Seven cycles of shell growth. Reprinted with permission
from ACS Nano 2019, 13, 6982−6991.
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Additional cycles of CdSe shell deposition were also conducted as described above. The
absorption spectra after each cycle of deposition are given in Figure 3.6b-f. As for CdS shell
deposition, each cycle resulted in a shifting of the NPL absorption features to longer wavelength.
After 5 cycles of CdSe deposition, the lowest-energy NPL absorption was shifted to 761 nm (See
Table 3.2). TEM images of the CdTe-CdSe core-shell NPLs are in Figure 3.7. As for the CdTeCdS core-shell NPLs, the NPL morphologies were retained, and the CdSe shells appeared to be
smooth.

Figure 3.6. UV-vis absorption (extinction) spectra of (a) core-only CdTe NPLs, and CdTeCdSe core-shell NPLs after various numbers of shell-growth cycles: (b) 1 cycle, (c) 2 cycles,
(d) 3 cycles, (e) 4 cycles, and (f) 5 cycles. Reprinted with permission from ACS Nano 2019,
13, 6982−6991.
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Table 3.2. Extracted peak positions from UV-absorption (extinction) spectra of CdTe
core-only and CdTe-CdSe core-shell NPLs. Reprinted with permission from ACS Nano
2019, 13, 6982−6991.
Shell
Cycle no.
0
Cd(OAc)2ligated
1
2
3
4
5

First Peak
(nm)
489 ± 1

First Peak
(eV)
2.537 ± 0.005

Second Peak
(nm)
444 ± 1

Second Peak
(eV)
2.794 ± 0.006

519 ± 1

2.389 ± 0.005

457 ± 2

2.713 ± 0.012

565 ± 8
622 ± 5
681 ± 4
725 ± 6
761 ± 6

2.194 ± 0.032
1.994 ± 0.016
1.821 ± 0.010
1.712 ± 0.015
1.631 ± 0.012

500 ± 8
541 ± 3
584 ± 1
614 ± 3
643 ± 9

2.481 ± 0.038
2.293 ± 0.014
2.125 ± 0.005
2.019 ± 0.011
1.928 ± 0.027

Figure 3.7. TEM images of CdTe-CdSe core-shell NPLs. (a) Three cycles of shell growth.
(b) Five cycles of shell growth. Reprinted with permission from ACS Nano 2019, 13,
6982−6991.
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We were unable to obtain high-resolution TEM images of the core-only CdTe NPLs, because
they fragmented under the intense electron-beam exposure during the focusing period.7
However, as noted above, the NPLs were stabilized by shell deposition, and we were successful
in recording a high-resolution image of a CdTe-CdSe core-shell NPL having 5 cycles of shell
deposition (Figure 3.8). The image clearly showed the CdSe shell to have the wurtzite structure
over the majority of the NPL top facet. A few stacking faults were identified, along with small
areas of zinc-blende shell. These features are marked in the Figure 3.8 image.

Figure 3.8. High-resolution TEM image of a CdTe-CdSe core-shell NPL after five cycles of
shell deposition. Stacking faults are marked by red lines, and zinc-blende regions by blue
shading. Reprinted with permission from ACS Nano 2019, 13, 6982−6991.
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XRD patterns, in the region of the prominent low-angle (100, 002, and 101) reflections, for
the NPLs are given in Figures 3.9 and 3.10. They exhibited the characteristic wurtzite
configuration. The full-scale XRD patterns (Figure 3.11) were also very consistent with the
wurtzite structure, although did not preclude small inclusions of the zinc-blende structure (see
above and Figure 3.8). The lattice parameter a = 4.41 ± 0.02 Å remained unchanged upon shell
deposition in both CdTe-CdS and CdTe-CdSe core-shell NPLs (Table 3.3 and 3.4). The lattice
parameter c decreased slightly from c = 7.34 ± 0.01 Å in the core-only NPLs to c = 7.27 ± 0.01
Å after 7 cycles of CdS shell deposition and to c = 7.25 ± 0.01 Å after 5 cycles of CdSe shell
deposition. The results confirmed the predominance of the wurtzite structure in both the core
and shells of the NPLs.

Figure 3.9. XRD patterns of (a) core-only CdTe NPLs, and CdTe-CdS core-shell NPLs with
various numbers of shell-growth cycles: (b) 1 cycle, (c) 2 cycles, (d) 4 cycles, (e) 6 cycles,
and (f) 7 cycles. Reprinted with permission from ACS Nano 2019, 13, 6982−6991.
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Figure 3.10. XRD patterns of (a) core-only CdTe NPLs, and CdTe-CdSe core-shell NPLs
with various numbers of shell-growth cycles: (b) 2 cycles, (c) 3 cycles, (d) 4 cycles, and (e) 5
cycles. Reprinted with permission from ACS Nano 2019, 13, 6982−6991.

Figure 3.11. XRD pattern of different core-shell NPLs over the extended 2θ range of 20 –
65°. (a) CdTe-CdS core-shell NPLs after 7 cycles of shell deposition. (b) CdTe-CdSe coreshell NPLs after 5 cycles of shell deposition. Reprinted with permission from ACS Nano
2019, 13, 6982−6991.
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Table 3.3 Lattice parameters derived from the XRD patterns of CdTe core-only and
CdTe-CdS core-shell NPLs. Reprinted with permission from ACS Nano 2019, 13,
6982−6991.
Shell Cycle no.

a (Å)

c (Å)

0

4.41 ± 0.02

7.34 ± 0.01

1

4.41 ± 0.03

7.33 ± 0.02

2

4.43 ± 0.02

7.33 ± 0.01

4

4.43 ± 0.02

7.29 ± 0.01

6

4.42 ± 0.03

7.28 ± 0.01

7

4.41 ± 0.02

7.27 ± 0.01

Table 3.4. Lattice parameters derived from the XRD patterns of CdTe core-only and
CdTe-CdSe core-shell NPLs. Reprinted with permission from ACS Nano 2019, 13,
6982−6991.
Shell Cycle no.

a (Å)

c (Å)

0

4.41 ± 0.02

7.34 ± 0.01

2

4.41 ± 0.03

7.27 ± 0.01

3

4.42 ± 0.01

7.25 ± 0.01

4

4.42 ± 0.01

7.26 ± 0.01

5

4.42 ± 0.01

7.25 ± 0.01
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3.3.2 Quantification of Shell Deposition
The core-shell NPLs were analyzed by inductively coupled plasma – optical emission
spectrometry (ICP-OES) to determine their elemental compositions. The data for the CdTe-CdS
and CdTe-CdSe NPLs are recorded in Tables 3.5 and 3.6, respectively. As expected, the data
show that the S:Te and Se:Te ratios increase progressively with each cycle of shell deposition.
However, the Cd:(Te + S) and Cd:(Te + Se) ratios do not retain the expected 1:1 relationship, but
apparently increase with shell deposition cycle. ICP-OES analyses of II-VI nanocrystals
frequently produce high metal-to-nonmetal ratios,28-30 presumably due to the volatility of S and
Se digestion products during sample preparation.31 Thus, the Cd:(Te + S) and Cd:(Te + Se)
ratios determined here may be slightly high due to underestimation of S and Se.

Table 3.5. Elemental compositions derived from ICP-OES data for CdTe and CdTeCdS core-shell NPLs. Reprinted with permission from ACS Nano 2019, 13, 6982−6991.
Shell
cycle no.
0

Cd (%)

Te (%)

S (%)

S:Te ratio

49.7

50.3

0.0

0.000

1

50.4

44.7

4.9

0.111

2

51.6

39.1

9.3

0.238

3

50.8

37.0

11.1

0.300

4

54.3

33.2

12.5

0.377

5

55.6

31.6

12.8

0.406

6

55.5

28.6

15.9

0.557

7

56.6

27.4

16.0

0.584
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Table 3.6. Elemental compositions derived from ICP-OES data for CdTe and CdTeCdSe core-shell NPLs. Reprinted with permission from ACS Nano 2019, 13,
6982−6991.
Shell
cycle no.
0

Cd (%)

Te (%)

Se (%)

Se:Te ratio

49.7

50.3

0.0

0.000

1

50.7

36.6

12.7

0.346

2

51.2

26.5

22.3

0.842

3

52.2

20.8

27.0

1.302

4

53.6

17.7

28.6

1.613

5

54.3

14.2

31.5

2.212

For comparison, the elemental compositions of the core-only and core-shell NPLs were
measured by energy-dispersive X-ray spectroscopy (EDS) in the TEM. The EDS data are
summarized in Tables 3.7 and 3.8. As in the ICP-OES data, the S:Te and Se:Te ratios are found
to increase, as expected, with shell-deposition cycle. However, the S:Te and Se:Te ratios
determined by EDS do not agree quantitatively with those determined by ICP-OES.
Interestingly, the Cd:(Te + S) and Cd:(Te + Se) ratios determined by EDS are all close to the
expected value of 1:1.
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Table 3.7. Elemental compositions derived from EDS data for CdTe and CdTe-CdS
core-shell NPLs. Reprinted with permission from ACS Nano 2019, 13, 6982−6991.
Shell
cycle no.
0

Cd (%)

Te (%)

S (%)

S:Te ratio

50.22 ± 0.91

49.78 ± 0.91

0.0

0.000

1

49.54 ± 1.54

43.02 ± 0.45

7.44 ± 1.13

0.173 ± 0.026

2

49.94 ± 1.16

37.95 ± 1.36

12.11 ± 1.44

0.319 ± 0.040

3

49.53 ± 1.41

34.95 ± 2.50

15.51 ± 1.22

0.444 ± 0.047

4

51.30 ± 2.78

31.01 ± 1.60

17.69 ± 1.41

0.570 ± 0.054

5

50.13 ± 1.86

28.48 ± 1.38

21.40 ± 0.69

0.751 ± 0.044

6

49.62 ± 1.78

27.46 ± 1.71

22.92 ± 0.75

0.835 ± 0.034

7

48.88 ± 1.45

25.28 ± 0.26

25.84 ± 1.70

1.022 ± 0.068

Table 3.8. Elemental compositions derived from EDS data for CdTe and CdTe-CdSe
core-shell NPLs. Reprinted with permission from ACS Nano 2019, 13, 6982−6991.
Shell
cycle no.
0

Cd (%)

Te (%)

Se (%)

Se:Te ratio

50.22 ± 0.91

49.78 ± 0.91

0.0

0.000

1

50.31 ± 0.79

34.66 ± 0.37

15.03 ± 0.56

0.434 ± 0.017

2

49.34 ± 0.81

26.59 ± 1.58

24.07 ± 0.78

0.905 ± 0.061

3

49.63 ± 0.84

20.07 ± 0.79

30.30 ± 0.56

1.510 ± 0.066

4

50.64 ± 1.46

15.40 ± 0.97

33.96 ± 0.50

2.205 ± 0.143

5

50.78 ± 1.40

13.79 ± 0.61

35.43 ± 0.80

2.569 ± 0.128

The S:Te and Se:Te ratios from the ICP-OES data in Tables 3.7 and 3.8 were used to
quantify the amount of shell material in the core-shell NPLs after each deposition cycle (see
§3.2.7). The shell amounts were calculated in terms of monolayers (MLs) of shell, and the
results are plotted in Figure 3.12. The results for CdSe shell deposition are linear with deposition
cycle, with the slope showing that 0.990 ± 0.021 MLs of CdSe were deposited in each cycle.
The results for CdS shell deposition are also linear with deposition cycle, but show that only
64

0.206 ± 0.007 MLs were deposited in each cycle. Surprisingly, each deposition cycle produced
only a fraction of a CdS ML.

Figure 3.12. Plot of shell thickness (in MLs) vs. the number of deposition cycles determined
from ICP-OES data. The data for CdS-shell deposition are plotted in red; a linear fit gave a
slope of 0.206 ± 0.007 ML/cycle and R2 of 0.991. The data for CdSe-shell deposition are
plotted in black; a linear fit gave a slope of 0.990 ± 0.021 ML/cycle and R2 of 0.997. Error
bars were calculated from the linear regressions. Reprinted with permission from ACS Nano
2019, 13, 6982−6991.

For comparison to the Figure 3.12 results, we also employed the S:Te and Se:Te ratios from
the EDS data in Tables 3.7 and 3.8 to quantify the amount of shell material in the core-shell
NPLs after each deposition cycle (see §3.2.8). The plots of shell thickness (in MLs) vs.
deposition cycle are recorded in Figure 3.13. The quantities of shell deposited per cycle were
extracted from the slopes of these plots, giving 0.337 ± 0.004 ML/cycle for CdS deposition and
1.200 ± 0.029 ML/cycle for CdSe deposition. These values were slightly larger than the
corresponding values of 0.206 ± 0.007 and 0.990 ± 0.021 ML/cycle derived from the ICP-OES
data.
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Figure 3.13. Plot of shell thickness (in MLs) vs. the number of deposition cycles determined
from EDS data. The data for CdS-shell deposition are plotted in red; a linear fit gave a slope
of 0.337 ± 0.004 ML/cycle and R2 of 0.998. The data for CdSe-shell deposition are plotted
in black; a linear fit gave a slope of 1.200 ± 0.029 ML/cycle and R2 of 0.996. Error bars
were calculated from multiple measurements. Reprinted with permission from ACS Nano
2019, 13, 6982−6991.

We show here that CdS shell growth per cycle was not limited by the amount of ligated
Cd(OAc)2. EDS analyses were obtained from (CdTe)[Cd(OAc)2]x NPLs upon centrifugation
from the ligand-exchange mixture. The measurements were conducted on precipitated but
unwashed NPLs, and thus the Cd:Te ratios determined could have been slightly high (enriched in
Cd(OAc)2). Washing severely depleted the Cd(OAc)2 content, and resulted in significant shifts
in the absorption spectra, indicating that the Cd(OAc)2 was comparatively weakly bound to the
CdTe NPLs. Thus, reliable ligation stoichiometries could not be obtained from washed
specimens. The Cd:Te ratio determined from the EDS measurements on the (CdTe)[Cd(OAc)2]x
NPLs was 1.50 ± 0.07, indicating a formula (CdTe)[Cd(OAc)2]0.50±0.07.
We also calculated the stoichiometry of the (CdTe)[Cd(OAc)2]x NPLs necessary for a
complete monolayer of shell deposition in each cycle. In short, because the CdTe core-only
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NPLs had discrete thicknesses of 5 CdTe MLs, 40% of the CdTe resided on the broad top and
bottom facets of the NPLs. From the mean widths of the NPLs, we determined that an additional
7.6% of the CdTe resided on the two non-polar edge facets. Thus, the stoichiometry required for
deposition of one full ML of shell in the first cycle was (CdTe)[Cd(OAc)2]0.43, close to the
measured stoichiometry (see §3.2.8). The results were consistent with deposition of one ML of
CdSe shell in each cycle, as determined above (from the ICP-OES measurements).
Because we established that the stoichiometry of Cd(OAc)2 corresponded to one ML of CdSe
or CdS, the deposition of 1.2 ML of CdSe per cycle suggested by the EDS data appeared to be an
overestimation. Similarly, the value of 0.34 ML of CdS per cycle may have also been an
overestimation. However, as noted above the ICP-OES data likely underestimated the S and Se
content of the core-shell NPLs, and therefore the S:Te and Se:Te ratios and the shell MLs
deposited per cycle. Thus, the true values for shell deposition were likely between the
determined values of 0.21 – 0.34 ML/cycle for CdS, and 0.99 – 1.20 ML for CdSe.
Despite that CdS-shell deposition employed the same (CdTe)[Cd(OAc)2]0.50±0.07 intermediate,
the amount of shell deposited in each cycle was far below one ML. This was clearly not for a
lack of sufficient ligated Cd(OAc)2, by the analysis above. Each deposition cycle employed a
two to four-fold excess of thiourea, and shell growth was monitored by spectral shifting in the
absorption spectra. The maximum shifts were observed to occur within 3 min for each cycle.
Extending the reaction period to 1 h resulted in no further shell growth. Extending the reaction
period to 1 day resulted in spectral shifting in the reverse direction, significant spectral
broadening, and a dramatic decrease in the intensity of the NPL absorbances, suggesting
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decomposition. Perhaps side reactions initiated by the excess thiourea prevented deposition of a
full ML in each deposition cycle.
The CdS-deposition results established that shells could be deposited in fractions of MLs.
We thus sought to determine if CdSe shell deposition could also be conducted in fractions of
MLs. Thus, shell deposition on core-only CdTe NPLs was investigated using amounts of
selenourea adjusted for various fractions of an ML. The spectra recorded in Figure 3.14b-d
showed spectral shifts intermediate to those of the core-only CdTe NPLs (Figure 3.14a), and
CdTe-CdSe NPLs with a one-ML shell (Figure 3.14e). Quantification of the partial-ML shells
was achieved using EDS data (Table 3.9). The specimens b – d in Figure 3.14 corresponded to
0.36, 0.51, and 0.71 MLs of CdSe shell, respectively. The results demonstrated that fine control
of the spectral shifting could be achieved by shell deposition in fractions of MLs.
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Figure 3.14. UV-vis absorption (extinction) spectra of (a) CdTe NPLs, and CdTe-CdSe
core-shell NPLs with fractions of a shell ML (quantified by EDS) of CdSe: (b) 0.36 ± 0.08
monolayer of CdSe, (c) 0.51 ± 0.06 monolayer of CdSe, (d) 0.71 ± 0.08 monolayer of CdSe,
and (e) one monolayer of CdSe. Reprinted with permission from ACS Nano 2019, 13,
6982−6991.

Table 3.9. Elemental compositions derived from EDS data for CdTe and CdTe-CdSe
core-shell NPLs with fractions of a shell ML. Reprinted with permission from ACS
Nano 2019, 13, 6982−6991.

a

Samplea

Cd (%)

Te (%)

Se (%)

Se:Te ratio

a

50.22 ± 0.91

49.78 ± 0.91

0.0

0.000

b

50.27 ± 1.63

43.14 ± 2.62

6.59 ± 1.37

0.153 ± 0.033

c

50.54 ± 2.19

40.58 ± 1.32

8.88 ± 0.95

0.219 ± 0.024

d

50.06 ± 2.11

38.24 ± 2.15

11.70 ± 1.23

0.306 ± 0.036

e
50.31 ± 0.79
34.66 ± 0.37
15.03 ± 0.56
0.434 ± 0.017
Sample letters a – e refer to the specimens and spectra a – e in Figure 13.
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Finally, we investigated CdS shell deposition on wurtzite core-only CdSe NPLs using the
method described above. The results are given in Figures 3.15 and 3.16. The first cycle of shell
deposition produced 0.79 ± 0.03 ML of CdS (as quantified by EDS), which is, again, an
incomplete monolayer of CdS. One cycle of CdSe deposition, followed by one cycle of CdS
deposition on core-only CdTe NPLs resulted in 0.97± 0.07 ML of CdSe and 0.43 ± 0.04 ML of
CdS, as quantified by EDS.

Figure 3.15. UV-vis absorption (extinction) spectra corresponding to the steps in shell
deposition on CdSe NPLs. (a) As-synthesized CdSe NPLs with amine passivation. (b) CdSe
NPLs ligated by cadmium acetate. (c) CdSe-CdS core-shell NPLs after one cycle of shell
deposition, with 0.79 ± 0.03 ML of CdS (quantified by EDS). Reprinted with permission
from ACS Nano 2019, 13, 6982−6991.

Figure 3.16. TEM image of CdSe-CdS core-shell NPLs after one cycle of shell deposition.
Reprinted with permission from ACS Nano 2019, 13, 6982−6991.
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3.4 Discussion
Flat, 2D semiconductor nanocrystals, such as the NPLs investigated here, have characteristics
that recommend them for applications in light emission and solar-energy conversion, with
potential advantages over pseudo-spherical semiconductor nanocrystals (quantum dots). The 2D
nanocrystals exhibit sharp absorption and emission features,3,10,12,32 and high photoluminescence
efficiencies.2,10,11,13,32 They have large surface areas and lateral dimensions to support charge
extraction and transport.17,33 The large unconfined dimensions create a continuum of energy
levels that allow energy matching with charge-transfer partners, facilitating charge transfer.2,24
The 2D nanocrystals exhibit a strong tendency to form face-to-face stacks or bundles, and
densely packed, well-aligned films,21 that engender electronic coupling14,15 between them, and
promote energy16,34,35 and charge transport17 among assemblies of nanocrystals. The 2D
nanoplatelets or nanoribbons also have large absorption coefficients relative to quantum dots.30,36
However, because of their thin quantum-confined dimension, II-VI NPLs and nanoribbons
typically absorb and emit only at the high-energy end of the visible spectrum.1,3,4,10,11,37
Applications in light emission and solar-energy conversion would benefit from a wider spectral
coverage. Ithurria and Talapin first demonstrated that deposition of CdS shells on CdSe
nanoplatelets results in the stepwise shifting of their spectra to lower energies within the visible
regime, ultimately obtaining absorption and emission features to as long as 660 nm.22
We employ the same core-shell phenomenon here in CdTe-CdS and CdTe-CdSe NPLs,
achieving a slightly broader spectral coverage. The CdTe NPLs having a 5-ML CdSe shell have
a lowest-energy absorption feature shifted to 761 nm, and a spectrum that spans the entire visible
regime. The capability to deposit shells in fractions of monolayers allows for fine tuning of the
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spectral shifts achieved by shell growth. The results reported here demonstrate that shells may
be deposited on 2D CdTe nanocrystals, and upon 2D II-VI nanocrystals having the wurtzite
structure.38
The spectral shifts with increasing shell thickness in the 2D nanocrystals are attributed to the
quasi-type-II band alignment of the core and shell, and to the ease of electron delocalization
throughout the core and shell (Figure 3.17).22,39 Because of the significantly smaller effective
mass of the electron vs. the holes in II-VI semiconductors (in CdTe me = 0.09 m0 and mhh = 0.78
m0),40 a great majority of the confinement effect is due to the electron (rather than the holes).22
Consequently, confinement of the electron over the core-shell thickness dimension is primarily
influenced by the total thickness of the nanocrystals. If one ignores the differing effective
masses within the core and shell materials, a very crude particle-in-a-box model suggests that the
effective band gap of the core-shell NPLs should be proportional to the inverse square of the
thickness.24
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Figure 3.17. Qualitative band-structure diagram for CdTe core-shell NPLs showing the
quasi-type-II band alignment of the core and shell. Delocalization of the electron (but not the
hole) wave function over the thickness of the core and shell is depicted. Reprinted with
permission from ACS Nano 2019, 13, 6982−6991.

The spectral shifts in the CdTe-CdS and CdTe-CdSe core-shell NPLs vs. the inverse square
of the total NPL thicknesses are plotted in Figure 3.18. The data for the CdTe-CdSe core-shell
NPLs are not linear, but nearly so, which reflects the crudeness of the model, and obviously
indicates that the band gaps do not scale precisely with t -2. The data for the CdTe-CdS coreshell NPLs do appear to plot linearly with t -2. The two sets of data plot on almost the same line,
suggesting that the electronic differences between the core and shell materials are not
consequential. The results support the description of the quantum confinement in the core-shell
NPLs by the previously proposed quasi-type-II band alignment in Figure 3.17.22,39
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Figure 3.18. Plot of |ΔE| vs. the inverse square of the NPL thickness derived from the ICPOES data, where |ΔE| is the energy difference between the lowest-energy absorption in the
core-only and core-shell NPLs, and t is the thickness of the core-only or core-shell NPLs.
The data for CdS-shell deposition are plotted in red; a linear fit gave an R2 of 0.991. The
data for CdSe-shell deposition are plotted in black; a linear fit gave an R2 of 0.978. Error
bars were calculated from multiple measurements. Reprinted with permission from ACS
Nano 2019, 13, 6982−6991.

3.5 Conclusions
CdS and CdSe shells were grown on CdTe NPLs by alternating steps of Cd(OAc)2 deposition
followed by reaction with thiourea or selenourea, respectively. Several cycles of shell deposition
were achieved, resulting in progressively thicker shells and gradual shifting of the NPL
absorption features over the entire visible spectrum. Shell deposition was also conducted in
fractions of MLs, allowing fine control of spectral shifting. The platelet morphology and smooth
surface texture of the core-only CdTe NPLs was retained in the core-shell NPLs. Applications
for 2D nanocrystals benefitting from absorption throughout the visible regime will be enabled by
these core-shell NPLs.
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Chapter 4
Reversible Z-Type to L-Type Ligand
Exchange on Zinc Blende Cadmium Selenide
Nanoplatelets*

*Adapted with permission from Sun, H.; Buhro, W. E. Chem. Mater. 2020, 32, 5814−5826.
Copyright 2020 American Chemical Society.
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4.1 Introduction
In this chapter, we report reversible Z-type to L-type ligand exchange on CdSe nanoplatelets
(NPLs) having the zinc-blende crystal structure. X- to X’-type ligand exchange was previously
demonstrated on zinc-blende CdSe NPLs, in which the initial carboxylate ligation is exchanged
for sulfide,1,2 selenide,3,4 alkylphosphonate,5,6 thiolate,2,6 or halide ligation.7,8 Exposure of zincblende CdSe NPLs to a primary amine has been shown to extract Z-type Cd(carboxylate)2 units
from the periphery of the NPLs, but the formation of L-type primary-amine ligation was not
established.9 Z- to L-type ligand exchange is a new class of post-synthetic surface modification
for zinc-blende NPLs, and contributes to understanding of the ligand-exchange behavior of polar
nanocrystal facets.
CdSe NPLs exhibiting the zinc-blende crystal structure are potentially useful model systems
for studying the ligand-exchange behavior of polar nanocrystal facets. Figure 4.1 provides an
edge view of a zinc-blende CdSe NPL having a discrete thickness of three monolayers (3 MLs).
However, because both the broad top and bottom {100} facets are Cd terminated, there is an
extra half ML of Cd atoms. To balance charge, one carboxylate ligand is bound to each surface
Cd,10-12 in a chelating geometry.13 This model produces an empirical formula of
Cd4Se3(carboxylate)2 for such NPLs, which may be rewritten as (CdSe)3[Cd(carboxylate)2].
Note that these NPLs are nonstoichiometric, with a Cd/Se ratio of 1.33. The edge facets are also
typically described as {100} facets,10,12,14,15 although a different proposal has recently been
advanced.13 If the edge facets are indeed {100} facets as generally believed, they would be
similarly terminated by Cd(carboxylate) half MLs. All facets being structurally identical, they
should exhibit the same ligand-exchange chemistry.
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Figure 4.1. An edge view of a 3-ML zinc-blende NPL. Note the extra half ML of Cd atoms
on either the top or bottom facet. A chelating carboxylate ligand is bound to each surface Cd
atom. The carboxylate ligands bound to the edge facets are not shown. Reprinted with
permission from Chem. Mater. 2020, 32, 5814−5826.

A complete Z-type to L-type ligand exchange of Figure 4.1 NPLs would require the
extraction of the superstoichiometric Cd atoms and all of the carboxylate ligands as
[Cd(carboxylate)2] units, and their replacement in some manner by L-type Lewis-basic ligands.
In the process, the core would become stoichiometric, and the exchange product adopt a
composition of (CdSe)3[L]x.
We now show that 3-ML zinc-blende CdSe NPLs having large lateral dimensions and
minimal morphological distortions are capable of Z-type to L-type ligand exchange with
bidentate ethylenediamine ligands, affording NPLs of composition (CdSe)3[en]0.67 (en =
ethylenediamine). The exchanges are extremely slow in comparison to the corresponding
exchanges with wurtzite CdSe QBs.16,17 The L-type ethylenediamine-ligated NPLs undergo slow
ligand-exchange reactions with the Z-type ligands Cd(oleate)2, Cd(OAc)2, CdCl2, Zn(oleate)2,
and ZnCl2. Ligand exchange of zinc-blende CdSe NPLs having small lateral dimensions or high
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surface curvature with ethylenediamine are unsuccessful, and lead to the decomposition of the
NPLs.

4.2 Experimental Section
4.2.1 Materials and General Procedures
Zinc blende 3 ML CdSe NPLs (sheets),7 5 ML CdSe NPLs,9 cadmium myristate,18 and a 0.11
M cadmium oleate solution16 were prepared using previously reported methods.
Ethylenediamine (99.5%), n-octylamine (99%), oleylamine (technical grade, 70%), cadmium
chloride (anhydrous, 99%), selenium powder (−100 mesh, 99.5% trace metals basis), 1octadecene (technical grade, 90%), zinc chloride (anhydrous, 97%), sodium hydroxide (97%),
tetrabutylammonium hydroxide solution (1.0 M in methanol), oleic acid (technical grade, 90%),
potassium nitrate (≥99%), calcium nitrate tetrahydrate (≥99%), sodium nitrate (≥99%), hexane
(mixture of isomers, 98.5%), and toluene (99.5%) were purchased from Sigma-Aldrich. Sodium
oleate was purchased from City Chemicals, LLC. Zinc acetate dihydrate (Zn(OAc)2·2H2O,
98%) was purchased from Strem Chemicals. Cadmium acetate dihydrate (Cd(OAc)2·2H2O,
Analytical Reagent) was purchased from Mallinckrodt. Cadmium bromide (anhydrous, 98%)
was purchased from Alfa Aesar. Ethanol (anhydrous, 200 proof) was purchased from Decon
Laboratories, Inc. The salt bath used in the syntheses consisted of NaNO3 (54 g), KNO3 (164 g),
and Ca(NO3)2·4H2O (117 g). TEM sample grids (carbon-coated copper) were obtained from Ted
Pella, Inc. All reagents were used as received without additional purification.

4.2.2 Characterization
UV-vis spectra were obtained from an Agilent Cary 60 UV-vis spectrophotometer. XRD
patterns were obtained from a Bruker d8 Advance X-ray diffractometer using Cu Kα radiation
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(1.5418 Å) with a low-background silicon sample holder. TEM images were collected from a
JEOL 2000FX microscope with an acceleration voltage of 200 kV. EDS measurements were
obtained on the same JEOL 2000FX microscope at 200 kV. IR spectra were collected from a
Bruker Optics Alpha FT-IR system. Combustion-based elemental analyses data (C, H, N) were
obtained from Galbraith Laboratories, Inc. (Knoxville, TN). ICP-OES data were obtained from a
PerkinElmer ICP-OES PE Optima 7300DV.

4.2.3 Preparation of Zinc Oleate
A solution of sodium oleate (0.609 g, 2.00 mmol) in methanol (10 mL) was added dropwise
into a solution of zinc acetate dihydrate (0.220 g, 1.00 mmol) in methanol (10 mL) with vigorous
stirring. The white precipitate was collected by filtration, and was washed with methanol (10
mL) for 6 times (6 × 10 mL). The washed product was dried in air overnight (0.345 g, 0.551
mmol, 55.1%). mp 86.1 °C (lit. 85.5 °C).19 IR (cm-1): 2960 (w), 2918 (vs), 2847 (s), 1548 (asym
CO2, vs), 1523 (asym CO2, vs), 1455 (sym CO2, vs), 1397 (sym CO2, s), 744 (s), 721 (s), 690
(w).

4.2.4 Preparation of Small 3-ML CdSe NPLs
This synthesis was adapted from a 4 ML CdSe NPL synthesis reported by Ithurria and
coworkers.7 In a 25 mL three-neck flask, a mixture of Se powder (0.012 g, 0.150 mmol),
cadmium myristate (0.170 g, 0.300 mmol), and 1-octadecene (15 mL) was stirred and degassed
under vacuum (0.2 torr) at 100 °C for 30 min. The mixture was heated under N2(g) to 195 °C in
a salt bath. When the temperature of the mixture reached 190 °C, cadmium acetate dihydrate
(0.160 g, 0.600 mmol) was quickly added into the flask. After 2 h of growth at 195 °C, oleic
acid (1.00 mL, 3.14 mmol) was injected, and the reaction flask was removed from the salt bath
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and allowed to cool to room temperature. Ethanol (15 mL) was added to the cooled reaction
mixture, the combined mixture was centrifuged (4000 rpm, 5 min), and the supernatant
discarded. Then, the precipitate was dispersed in a mixture of hexane (15 mL) and ethanol (5
mL), was centrifuged (4000 rpm, 5 min), and the supernatant discarded. The precipitate from
this step contained only 3 ML CdSe NPLs (by absorption and PL spectroscopies), and was
dispersed in 5 mL hexane for further analysis.

4.2.5 Preparation of 4-ML CdSe NPLs
This synthesis was adapted from the 4 ML CdSe NPL synthesis reported by Ithurria and
coworkers.7 In a 50 mL three-neck flask, a mixture of Se powder (0.024 g, 0.30 mmol),
cadmium myristate (0.340 g, 0.600 mmol), and 1-octadecene (25 mL) was stirred and degassed
under vacuum (0.2 torr) at 100 °C for 30 min. The mixture was heated under N2(g) to 230 °C in
salt bath. When the temperature of the mixture reached 190 °C (the color of the mixture was
orange at this point), cadmium acetate dihydrate (0.240 g, 0.900 mmol) was quickly added into
the flask, and then the temperature of the mixture was rapidly brought to 230 °C. After 8 min of
growth at 230 °C, oleic acid (1.00 mL, 3.14 mmol) was injected, and the reaction flask was
removed from the salt bath and allowed to cool to room temperature. Ethanol (25 mL) was
added to the cooled reaction mixture, the combined mixture was centrifuged (4000 rpm, 10 min),
and the supernatant discarded. Then, the precipitate was dispersed in hexane (20 mL), and was
centrifuged (4000 rpm, 10 min) and the precipitate discarded. The supernatant at this point
contained mainly 4 ML NPLs and trace 3 ML NPLs, and the 3 ML NPLs were removed by
passing the supernatant through a 0.2-μm syringe filter (from VWR) twice. The filtered
dispersion combined with ethanol (15 mL) was centrifuged (4000 rpm, 10 min) and the
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supernatant discarded. The precipitate from this step contained only 4 ML CdSe NPLs and was
dispersed in 5 mL hexane for further analysis.

4.2.6 Preparation of Ligand Exchange Solutions
A CdCl2-ethanol solution (0.10 M) was prepared by dissolving CdCl2 (0.183 g, 1.00 mmol)
in ethanol (10 mL) with sonication. A CdCl2-methanol solution (0.050 M) was prepared by
dissolving CdCl2 (0.092 g, 0.50 mmol) in methanol (10 mL) with sonication. A CdBr2-methanol
solution (0.050 M) was prepared by dissolving CdBr2 (0.136 g, 0.500 mmol) in methanol (10
mL). An ethylenediamine solution (1.0 M ethylenediamine in methanol) was prepared by
dissolving ethylenediamine (0.601 g, 10.0 mmol) in methanol (10 mL). A tetrabutylammonium
hydroxide solution (0.050 M TBAOH in methanol) was prepared by diluting
tetrabutylammonium hydroxide solution (0.50 mL, 1.0 M TBAOH in methanol) to 10 mL with
methanol. A NaOH-methanol solution (0.050 M) was prepared by dissolving NaOH (0.020 g,
0.50 mmol) in methanol (10 mL) with sonication. A ZnCl2-ethanol solution (0.10 M) was
prepared by dissolving ZnCl2 (0.136 g, 1.00 mmol) in ethanol (10 mL). A Zn(oleate)2 dispersion
(0.10 M) was prepared by dispersing Zn(oleate)2 (0.626 g, 1.00 mmol) in toluene (10 mL) with
sonication. An n-octylamine solution (20%) was prepared by dissolving n-octylamine (2.0 mL)
in ethanol (8.0 mL).

4.2.7 Preparation of a Stock Dispersion of Large 3-ML CdSe NPLs
The literature preparation7 of 3 ML CdSe NPLs afforded 0.133 mmol of [Cd4Se3(oleate)2]
assuming 100% reaction yield and the idealized formula of [Cd4Se3(oleate)2] for the NPLs. A
stock dispersion of these [Cd4Se3(oleate)2] NPLs was prepared in hexane (20 mL).
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4.2.8 Oleate to Halide Ligand Exchange on Large 3-ML CdSe NPLs
The exchange procedure was adapted from7 for a larger reaction scale. A test tube was
charged with toluene (3 mL), oleylamine (200 µL, 607 µmol), and an aliquot of the stock
[Cd4Se3(oleate)2] dispersion (300 µL, 2.00 µmol). To this mixture was then added the CdCl2- or
CdBr2-exchange solution in methanol (400 µL, 0.050 M, 20.0 µmol). The color of the dispersion
changed from bright yellow to yellow within 10 min. Ethanol (2 mL) was added to the reaction
mixture, and the combined reaction mixture was centrifuged (3500 rpm, 3 min) and the
supernatant discarded. The precipitate was redispersed in ethanol (1 mL) and hexane (2 mL) and
again centrifuged (3500 rpm, 3 min). The supernatant was again discarded, affording purified,
ligand-exchanged NPLs.

4.2.9 Oleate to Hydroxide Ligand Exchange on Large 3-ML CdSe NPLs
A test tube was charged with toluene (3 mL) and an aliquot of the stock [Cd4Se3(oleate)2]
dispersion (300 µL, 2.00 µmol). To this mixture was then added the NaOH- or TBAOHexchange solution in methanol (800 µL, 0.050 M, 40.0 µmol). The color of the dispersion
changed from bright yellow to bright red immediately after the addition of the ligand-exchange
solution. The reaction mixture was centrifuged (3500 rpm, 3 min) and the supernatant discarded.
The precipitate was redispersed in ethanol (1 mL) and hexane (2 mL) and again centrifuged
(3500 rpm, 3 min). The supernatant was again discarded, affording purified, ligand-exchanged
NPLs.
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4.2.10 Halide/Hydroxide Ligand to Oleate Ligand Exchange on Large 3-ML
CdSe NPLs
The precipitate from a ligand-exchange procedure was dispersed in hexane (3 mL) with
sonication, and the Cd(oleate)2 solution (1.0 mL, 0.11 M, 110 µmol) was added. The ligandexchange reaction was allowed to continue overnight. The purification procedure was the same
as that employed in the other ligand-exchange procedures.

4.2.11 Ligand Exchange with Ethylenediamine on Large 3-ML CdSe NPLs
The 3 ML [Cd4Se3(oleate)2] NPLs were prepared on the literature scale7 (0.133 mmol), and
dispersed and stored in ethanol (25 mL) for further experiments. The ethylenediamine solution
(160 µL, 1 M, 160 µmol) was combined with an aliquot of the [Cd4Se3(oleate)2] dispersion (1.5
mL, 8.0 µmol). The ligand-exchange reaction was allowed to continue overnight. The
purification procedure was the same as that employed in the other ligand-exchange procedures.

4.2.12 Ligand-Exchange Reactions of Ethylenediamine-Ligated, Large, 3-ML
CdSe NPLs
One batch of the ethylenediamine-exchanged NPLs was dispersed in hexane (3 mL, for
Cd(oleate)2, Zn(oleate)2, or n-octylamine exchange) or ethanol (3 mL, for CdCl2 or ZnCl2
exchange). One of the following exchange solutions was then added: CdCl2-ethanol solution
(1.00 mL, 0.100 M, 100 µmol), ZnCl2-ethanol solution (1.00 mL, 0.100 M, 100 µmol),
Cd(oleate)2 solution (1.00 mL, 0.110 M, 110 µmol), Zn(oleate)2-toluene dispersion (1.00 mL,
0.100 M, 100 µmol), or n-octylamine-ethanol solution (1.00 mL, 20%, 1.21 mmol). The ligandexchange reaction was allowed to continue overnight. The purification procedure was the same
as that employed in the other ligand-exchange procedures.
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4.3 Results
4.3.1 Large, Carboxylate-Ligated Zinc Blende, 3-ML CdSe NPLs
The method of Ithurria and coworkers7 was used to prepare CdSe NPLs having discrete
thicknesses of 3 MLs and zinc-blende core structures. As noted above and in Figure 4.1, these
NPLs consisted of 4 monolayers of Cd atoms and 3 monolayers of Se atoms, with Cd
monolayers terminating the broad top and bottom facets, and thus their true thicknesses were 3.5
MLs. The as-prepared NPLs exhibited a twist distortion as a result of strain (Figure 4.2),7
complicating determination of their lateral dimensions. After ligand exchange (see below), the
NPLs were observed to flatten, and the mean lengths and widths in the exchanged NPLs were
measured at 173.6 ± 15.7 nm and 22.0 ± 3.5 nm, respectively. We refer to these as large NPLs
because of their comparatively large length dimension. Experiments were also conducted on
shorter NPLs (see below).

Figure 4.2. A TEM image of large, zinc-blende, 3-ML, CdSe NPLs prepared by a literature
method.7 They are distorted from planarity as a result of strain. Reprinted with permission
from Chem. Mater. 2020, 32, 5814−5826.

The Cd/Se ratio in the as-prepared NPLs was determined to be 1.26 ± 0.03 by energydispersive X-ray spectroscopy (EDS) in the TEM (See Table 4.1). This value was slightly
smaller than the ideal Cd/Se ratio of 4/3 = 1.33. The data (Table 4.2) from combustion-based
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elemental analysis of the NPLs was fitted to the empirical formula
(CdSe)3[Cd(OAc)0.77(oleate)1.23]0.78, indicating that the NPLs contained significant quantities of
both acetate and oleate ligands. Spectroscopic evidence for the co-existence of acetate and
oleate ligation is presented later.

Table 4.1. EDS Dataa for NPLs corresponding to X- to X'-type ligand exchange.
Reprinted with permission from Chem. Mater. 2020, 32, 5814−5826.
NPLs

Cd

Se

Starting
carboxylate
ligated

55.73 ± 0.69 %

44.27 ± 0.69 %

(57.14%)

(42.86%)

48.44 ± 1.48 %

41.44 ± 4.23 %

10.12 ± 2.88 %

1.18 ± 0.16

(44.44%)

(33.33%)

(22.22%)

(1.33)

45.64 ± 1.04 %

37.96 ± 0.69 %

16.40 ± 1.69 %

1.20 ± 0.04

(44.44%)

(33.33%)

(22.22%)

(1.33)

55.93 ± 1.76 %

44.07 ± 1.76 %

(57.14%)

(42.86%)

55.73 ± 1.08 %

44.27 ± 1.08 %

(57.14%)

(42.86%)

54.01 ± 1.82 %

45.99 ± 1.82 %

(57.14%)

(42.86%)

Cl ligated

Br ligated
Oleate ligatedb
Oleylamine
exposedc
n-Octylamine
exposedd
a

X (Br/Cl)
0% (0%)

0% (0%)

0% (0%)

0% (0%)

Cd:Se
1.26 ± 0.03
(1.33)

1.27 ± 0.06
(1.33)
1.26 ± 0.04
(1.33)
1.17 ± 0.06
(1.33)

The data are given as elemental molar percentages. Theoretical values derived from the ideal
stoichiometries are given in parentheses.
b
These NPLs were obtained by reaction of Br-ligated NPLs and Cd(oleate)2.
c
Starting (CdSe)3[Cd(OAc)0.77(oleate)1.23]0.78 NPLs after exposure to oleylamine for two days.
d
Starting (CdSe)3[Cd(OAc)0.77(oleate)1.23]0.78 NPLs after exposure to n-octylamine for two days.
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Table 4.2. Combustion-based elemental-analysis dataa for NPLs. Reprinted with
permission from Chem. Mater. 2020, 32, 5814−5826.
Sample

C

H

N

Starting carboxylate ligated #1b

23.05%

3.20%

<0.5%

Starting carboxylate ligated #2c

22.76%

3.16%

<0.5%

Mean

22.91 ± 0.15%

3.18 ± 0.02%

<0.5%

Empirical Formula

(CdSe)3[Cd(OAc)0.77 ± 0.01(oleate)1.23 ± 0.01]0.78

Ethylenediamine ligated #1b

8.11%

1.46%

2.79%

Ethylenediamine ligated #2c

6.81%

1.33%

2.85%

Mean

7.46 ± 0.65%

1.38 ± 0.06%

2.82 ± 0.03%

Empirical Formula

(CdSe)3[en]0.67 ± 0.01[Cd(oleate)2]0.08 ± 0.01

a

The data are given as elemental molar percentages.
The first of two samples analyzed.
c
The second of two samples analyzed.
b

4.3.2 X- to X’-Type Ligand Exchange
As stated above, Ithurria and coworkers previously investigated X- to X’-type ligand
exchanges on zinc-blende CdSe NPLs.7 We repeated and extended those exchanges to provide
comparisons to the new Z- to L-type and L- to Z-type ligand exchanges described below. The
carboxylate ligands on the starting (CdSe)3[Cd(OAc)0.77(oleate)1.23]0.78 NPLs were exchanged for
bromide and chloride ligands under the conditions similar to those identified by Ithurria and
coworkers.7 Thus, oleylamine and CdX2 (X = Br, Cl) were added to toluene dispersions of the
mixed-carboxylate NPLs. The ligand exchanges were complete after 10 minutes. As initially
reported,7 oleylamine was necessary to promote the exchange reactions.
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The absorption (extinction) spectra of the mixed-carboxylate and halide-ligated NPLs are
given in Figure 4.3a-c. The shifts of the halide-exchanged NPL spectra to lower energy matched
those previously reported.7 The ideal compositions of the halide-exchanged NPLs is
(CdSe)3[CdX2]1. The composition of the bromide-exchanged NPLs determined by EDS was
(CdSe)3[CdBr2]0.60 ± 0.12 (Table 4.1), and was thus deficient in CdBr2. The composition
determined from the Cd/Se ratio measured by EDS for the chloride-exchanged NPLs was
(CdSe)3[CdCl2]0.54 ± 0.48. (Chloride determinations by EDS are in our experience unreliable.)
Thus, the exchanged composition was about equally deficient in CdCl2 relative to the ideal.

Figure 4.3. Absorption spectra of (a) starting (CdSe)3[Cd(OAc)0.77(oleate)1.23]0.78 NPLs, and
after X to X’-type ligand exchange with (b) CdBr2 and oleylamine, (c) CdCl2 and oleylamine,
(d) NaOH, and (e) [(n-Bu)4N]OH. (f) after exchange to oleate ligation by addition of
Cd(oleate)2 to the bromide-exchanged NPLs. The dashed lines indicate the peak positions in
(a). Reprinted with permission from Chem. Mater. 2020, 32, 5814−5826.
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A TEM image of the chloride-exchanged NPLs is shown in Figure 4.4, in which the twist
distortion of the NPLs evident in Figure 4.2 was removed. The XRD data for the NPLs (Table
4.3) established that the lateral tensile strain in the mixed-carboxylate NPLs responsible for the
twisting was converted to a compressive lateral strain of smaller magnitude, thus relieving the
twist distortion, as has been previously discussed.7 The bromide-exchanged NPLs gave similar
results. The mean lateral dimensions of the NPLs were determined from the chloride-exchanged
NPLs (see above).

Figure 4.4. A TEM image of large, zinc-blende, 3-ML, CdSe NPLs after exchange from the
initial mixed-carboxylate to chloride ligation using CdCl2 with oleylamine. Reprinted with
permission from Chem. Mater. 2020, 32, 5814−5826.
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Table 4.3. XRD data for NPLs corresponding to X- to X'-type ligand exchange.
Reprinted with permission from Chem. Mater. 2020, 32, 5814−5826.
NPLs

2θ (220)a

Bulk CdSe

a (Å)

Lateral Strain

6.05

Starting carboxylate ligated

41.38 ± 0.01

6.167 ± 0.006

+(1.93 ± 0.09)%

Cl ligated

42.61 ± 0.01

5.997 ± 0.038

-(0.88 ± 0.62)%

Br ligated

42.52 ± 0.02

6.009 ± 0.069

-(0.68 ± 1.14)%

Oleate ligatedb

41.47 ± 0.02

6.153 ± 0.018

+(1.70 ± 0.30)%

c (Å)

Thickness Strain

NPLs

2θ (220)c

Bulk CdSe

6.05

Starting carboxylate ligated

43.09 ± 0.05

5.932 ± 0.554

-(1.95 ± 9.16)%

Cl ligated

42.86 ± 0.02

5.964 ± 0.122

-(1.42 ± 2.02)%

Br ligated

42.52 ± 0.02

6.009 ± 0.069

-(0.68 ± 1.14)%

Oleate ligatedb

43.02 ± 0.06

5.942 ± 0.581

-(1.79 ± 9.60)%

a

These data were obtained from fitting the sharp 220 peaks in the XRD patterns.
These NPLs were obtained by reaction of Br-ligated NPLs and Cd(oleate)2.
c
These data were obtained from fitting the broad 220 peaks in the XRD patterns.
b

In a previous study of ligation exchange on wurtzite 2D CdSe nanocrystals, exchange to
hydroxide (OH) ligation was found to produce the largest spectral shift (of 340 meV).20
Exchange to hydroxide ligation was investigated here for the zinc blende CdSe NPLs. Thus,
NaOH and [(n-Bu)4N]OH were added to toluene dispersions of the
(CdSe)3[Cd(OAc)0.77(oleate)1.23]0.78 NPLs, resulting in an immediate color change to bright red.
The absorption spectra of the ligand-exchanged NPLs are recorded in Figure 4.3d and e. The
spectra were broadened and shifted to lower energy, by 331 meV and 309 meV for exchange by
NaOH and [(n-Bu)4N]OH, respectively. The results were very similar to those previously
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observed for hydroxide ligation of wurtzite 2D CdSe nanocrystals.20 The hydroxide-ligated
NPLs were insufficiently atmospherically stable for other analyses.
Addition of Cd(oleate)2 to dispersions of the halide or hydroxide-exchanged NPLs resulted in
slow back exchanges to oleate ligation. Oleylamine was not employed because its presence
prevented complete exchanges. These back exchanges required several hours at room
temperature, and were generally allowed to continue overnight. In all cases, the absorption
spectra returned to, or very close to, the original shifts observed for the starting
(CdSe)3[Cd(OAc)0.77(oleate)1.23]0.78 NPLs (see Figure 4.3f and 4.5). The EDS data for the oleateligated NPLs back-exchanged from the bromide-ligated NPLs are in Table 4.1. The measured
Cd/Se ratio of 1.27 matched that of the starting (CdSe)3[Cd(OAc)0.77(oleate)1.23]0.78 NPLs. IR
spectra for NPLs corresponding to X- to X'-type ligand exchange reactions and TEM images for
the back-exchanged NPLs are in Figures 4.6 and 4.7.

Figure 4.5. Absorption spectra of (a) starting (CdSe)3[Cd(OAc)0.77(oleate)1.23]0.78 NPLs, and
after exchange to oleate ligation by adding Cd(oleate)2 to the (b) bromide-exchanged, (c)
chloride-exchanged, (d) NaOH-exchanged, and (e) [(n-Bu)4N]OH-exchanged NPLs. The
dashed lines indicate the peak positions in (a). Reprinted with permission from Chem.
Mater. 2020, 32, 5814−5826.
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Figure 4.6. FT-IR spectra of (a) starting (CdSe)3[Cd(OAc)0.77(oleate)1.23]0.78 NPLs, after Xto X'-type ligand exchange with (b) CdCl2 or (c) CdBr2, and (d) after exchange to oleate
ligation by adding Cd(oleate)2 to bromide-exchange NPLs. The spectra in (b) and (c)
correspond to oleylamine, which is hydrogen-bonded to the surface halide atoms.7 Reprinted
with permission from Chem. Mater. 2020, 32, 5814−5826.

Figure 4.7. TEM images of 3-ML CdSe NPLs after exchange to oleate ligation by adding
Cd(oleate)2 to (a) bromide-exchanged or (b) NaOH-exchanged NPLs. Reprinted with
permission from Chem. Mater. 2020, 32, 5814−5826.
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4.3.3 Interchange of Z- and L-Type Ligation
As noted above, the surface-bound carboxylate ligands and the extra (superstoichiometric)
monolayer of Cd atoms on the starting zinc-blende NPLs could function together as the
equivalent of neutral Lewis-acid Z-type ligands. To emphasize this point, the ideal
stoichiometry of these NPLs is written as (CdSe)3[Cd(O2CR)2]. We considered that the putative
Cd(O2CR)2 units might be removed and replaced by Lewis-basic L-type ligands.9,16,20,21 No
compelling evidence of exchange reactions was obtained by exposure of the starting mixedcarboxylate NPLs to oleylamine or n-octylamine. No shifts in the absorption spectra or
significant changes in the Cd/Se ratios measured by EDS (Table 4.1) were observed after several
days.
However, combination of the starting NPLs and ethylenediamine (H2NCH2CH2NH2) resulted
in an exchange reaction over the course of several hours. The ligand exchange was evidenced by
a color change of the NPL dispersion from yellow to orange, and a corresponding shift of the
absorption spectrum (Figure 4.8) by 122 meV to lower energy. The replacement of the initial
carboxylate ligands by ethylenediamine ligands was supported by IR spectroscopy (Figure 4.9),
in which the asymmetric (1531 cm–1) and symmetric (1438 and 1408 cm–1) CO2 stretches of the
carboxylate ligands were replaced by the N-H stretches (3040 – 3520 cm–1) of ethylenediamine.
XRD patterns (Figure 4.10 and Table 4.4) of the ethylenediamine-exchanged NPLs confirmed
that the crystalline zinc-blende NPL cores remained intact, and TEM images (Figure 4.11)
showed that the NPL morphologies were retained. The Cd/Se ratio in the NPLs measured by
EDS was 0.98 ± 0.04 (Table 4.5), confirming that ligand exchange had removed the
superstoichiometric Cd and produced stoichiometric NPL cores.
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The composition determined by combustion-based elemental analysis was
(CdSe)3[en]0.67[Cd(oleate)2]0.08 (en = ethylenediamine). Thus, only trace amounts of carboxylate
ligands remained after the exchange process. The exchanged NPLs were prepared for elemental
analysis by drying under vacuum, during which the sample color was observed to darken from
orange to red. By spectroscopic analyses, the material was largely unchanged by the drying
process; however, after drying it was no longer entirely dispersible. We speculate that some of
the ligated ethylenediamine may have been removed in the drying process. We present a
structural model in the Discussion that accounts for an idealized stoichiometry of {(CdSe)3[en]1}
for the ethylenediamine-exchanged NPLs, which is close to that determined by elemental
analyses.

Figure 4.8. Absorption spectra of (a) starting (CdSe)3[Cd(OAc)0.77(oleate)1.23]0.78 NPLs, (b)
after Z to L-type ligand exchange with ethylenediamine, and after exchange to (c) oleate
ligation by addition of Cd(oleate)2 or to (d) acetate ligation by addition of Cd(OAc)2 to the
ethylenediamine-exchanged NPLs. The dashed lines indicate the peak positions in (a).
Reprinted with permission from Chem. Mater. 2020, 32, 5814−5826.
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Figure 4.9. FT-IR spectra of (a) starting (CdSe)3[Cd(OAc)0.77(oleate)1.23]0.78 NPLs, (b) after
Z to L-type ligand exchange with ethylenediamine, (c) pure ethylenediamine, and (d) after
exchange to oleate ligation by addition of Cd(oleate)2 to the ethylenediamine-exchanged
NPLs. Asymmetric and symmetric CO2 stretches in (a) and (d) are marked with blue arrows,
and N-H stretches in (b) and (c) are marked with blue boxes. Reprinted with permission
from Chem. Mater. 2020, 32, 5814−5826.

Figure 4.10. XRD patterns of (a) starting (CdSe)3[Cd(OAc)0.77(oleate)1.23]0.78 NPLs, (b) after
Z to L-type ligand exchange with ethylenediamine, and after exchange to (c) oleate ligation
by addition of Cd(oleate)2 to the ethylenediamine-exchanged NPLs. The dashed lines
indicate the peak positions in (a). Reprinted with permission from Chem. Mater. 2020, 32,
5814−5826.
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Table 4.4. XRD data for NPLs corresponding to Z-type to L-type ligand exchange.
Reprinted with permission from Chem. Mater. 2020, 32, 5814−5826.
NPLs

2θ (220)a

Bulk CdSe

a (Å)

Lateral Strain

6.05

Starting carboxylate ligated

41.38 ± 0.01

6.167 ± 0.006

+(1.93 ± 0.09)%

Ethylenediamine ligated

42.00 ± 0.02

6.080 ± 0.036

+(0.50 ± 0.60)%

Oleate ligatedb

41.62 ± 0.03

6.133 ± 0.031

+(1.37 ± 0.51)%

2θ (220)c

c (Å)

Thickness Strain

Bulk CdSe

6.05

Starting carboxylate ligated

43.09 ± 0.05

5.932 ± 0.554

-(1.95 ± 9.16)%

Ethylenediamine ligated

42.63 ± 0.04

5.994 ± 0.164

-(0.93 ± 2.71)%

Oleate ligatedb

42.37 ± 0.04

6.029 ± 0.125

-(0.35 ± 2.07)%

a

These data were obtained from fitting the sharp 220 peaks in the XRD patterns.
These NPLs were obtained by reaction of ethylenediamine-ligated NPLs and Cd(oleate)2.
c
These data were obtained from fitting the broad 220 peaks in the XRD patterns.
b

Figure 4.11. A TEM image of large 3 ML CdSe NPLs after exchange from the initial Z-type
mixed-carboxylate ligation to L-type ligation using ethylenediamine. Reprinted with
permission from Chem. Mater. 2020, 32, 5814−5826.
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Table 4.5. EDS dataa for NPLs corresponding to Z- to L-type and L- to Z-type ligand
exchange. Reprinted with permission from Chem. Mater. 2020, 32, 5814−5826.
NPLs

Cd

Se

Cd:Se

Starting
carboxylate
ligated

55.73 ± 0.69 %

44.27 ± 0.69 %

1.26 ± 0.03

(57.14%)

(42.86%)

(1.33)

49.42 ± 1.44 %

50.58 ± 1.44 %

0.98 ± 0.04

(50.00%)

(50.00%)

(1.00)

56.64 ± 0.85 %

43.36 ± 0.85 %

1.31 ± 0.03

(57.14%)

(42.86%)

(1.33)

56.53 ± 1.49%

43.47 ± 1.49%

1.30 ± 0.06

(57.14%)

(42.86%)

(1.33)

Ethylenediamine
ligated
Oleate ligatedb
Acetate ligatedc
a

The data are given as elemental molar percentages. Theoretical values derived from the
ideal stoichiometries are given in parentheses.
b
These NPLs were obtained by reaction of ethylenediamine-ligated NPLs and Cd(oleate)2.
c
These NPLs were obtained by reaction of ethylenediamine-ligated NPLs and Cd(OAc)2.

Having prepared L-type-ligated (CdSe)3[en]0.67 NPLs, we next sought to determine if the Ltype ligation could be back exchanged to Z-type (or X-type) ligation. A solution of Cd(oleate)2
was added to (CdSe)3[en]0.67 NPLs in hexane at room temperature. The exchange reaction
required several hours to reach completion, in which the red color of (CdSe)3[en]0.67 NPLs
became yellow. The absorption spectrum of the exchange product (Figure 4.8c) exhibited
features at the same positions as those in the starting (CdSe)3[Cd(OAc)0.77(oleate)1.23]0.78 NPLs,
although the spectrum was relatively broadened. The IR spectrum of the exchanged NPLs
(Figure 4.9d) contained no N-H stretches, but exhibited asymmetric and symmetric CO2 stretches
like those in the starting (CdSe)3[Cd(OAc)0.77(oleate)1.23]0.78 NPLs. The Cd/Se ratio in the backexchanged NPLs was found to be 1.31 by EDS, close to the ideal value (of 1.33) for
(CdSe)3[Cd(oleate)2]. We concluded that the back-exchange reaction removed the L-type
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ethylenediamine ligands, restored the superstoichiometric Cd, and introduced X-type oleate
ligands. Z-type to L-type ligand exchange was thus found to be reversible in the zinc-blende
NPLs, as it is in the corresponding wurtzite 2D CdSe nanocrystals.16,17
We also conducted an exchange reaction of (CdSe)3[en]0.67 NPLs and Cd(OAc)2, which gave
the expected absorption spectrum in Figure 4.8d. The Cd/Se ratio in these NPLs was found to be
1.30 by EDS. The IR spectrum of the exchange product in the region of the CO2 stretches is
plotted in Figure 4.12c. The asymmetric CO2 stretch appeared at 1537 cm-1. The features at
1436 and 1407 cm-1 corresponded to symmetric CO2 stretching modes. This spectrum was
compared to that of the starting (CdSe)3[Cd(OAc)0.77(oleate)1.23]0.78 NPLs in Figure 4.12a, which
contained an asymmetric CO2 stretch at 1529 cm-1 for oleate and a shoulder feature at 1537 cm-1
for acetate (see Figure 4.13 for peak fitting).

Figure 4.12. FT-IR spectra expanded in the region of the CO2 stretches. (a) starting
(CdSe)3[Cd(OAc)0.77(oleate)1.23]0.78 NPLs, and after back exchange to carboxylate ligation by
combining (b) a Cd(oleate)2 solution prepared from Cd(OAc)2, (c) a Cd(OAc)2 solution, and
(d) a Cd(oleate)2 solution prepared from CdO with (CdSe)3[en]0.67 NPLs. The feature at
1465 cm-1 in each of the spectra corresponds to a CH2-bending mode. Reprinted with
permission from Chem. Mater. 2020, 32, 5814−5826.
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Figure 4.13. FT-IR spectra expanded in the region of asymmetric CO2 stretches. (a) starting
(CdSe)3[Cd(OAc)0.77(oleate)1.23]0.78 NPLs, and after back exchange from {(CdSe)3[en]0.67}
NPLs to carboxylate ligation with (b) a Cd(oleate)2 solution prepared from Cd(OAc)2, (c) a
Cd(OAc)2 solution, and (d) a Cd(oleate)2 solution prepared from CdO. In spectrum (a), two
peaks at 1537 (magenta) and 1529 cm-1 (green) were extracted by Gaussian peak fitting,
corresponding to asymmetric CO2 stretches from (c) acetate ligation, and (d) oleate ligation,
respectively. The magenta and green arrows identify the peak centers. The sum (orange) of
the two peaks fits the spectrum well. Spectrum (b) could not be fitted by two gaussian peaks
due to insufficient data points, though a shoulder peak corresponding to acetate ligation was
clearly visible and is indicated by the arrow. Spectra (c) and (d) were each fitted to a single
gaussian peak (orange). Reprinted with permission from Chem. Mater. 2020, 32,
5814−5826.

Figure 4.12b is an expansion of Figure 4.8d in the region of the CO2 stretches, corresponding
to the back-exchange reaction of (CdSe)3[en]0.67 NPLs and Cd(oleate)2, described above. Close
inspection revealed that this spectrum also contained a small shoulder feature on the asymmetric
CO2 stretch near 1537 cm-1. This Cd(oleate)2 specimen was synthesized from Cd(OAc)2, and
apparently contained a small residual fraction of acetate ligands. A second specimen of
Cd(oleate)2 was prepared from CdO, and used in a corresponding exchange reaction with
(CdSe)3[en]0.67 NPLs. The IR spectrum of this exchange product in Figure 4.12d exhibited a
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clean asymmetric stretch at 1527 cm-1. Thus, careful analysis of IR spectra allowed distinction
of oleate and acetate ligands, and provided spectroscopic evidence of the mixed ligation in the
starting (CdSe)3[Cd(OAc)0.77(oleate)1.23]0.78 NPLs.

4.3.4 Other L- to Z-type Ligand Exchanges
Access to the L-type-ligated (CdSe)3[en]0.67 NPLs allowed other L- to Z-type ligand
exchanges to be investigated. The exchange reaction of (CdSe)3[en]0.67 NPLs and CdCl2 resulted
in the absorption spectrum in Figure 4.14b, which was shifted to lower energy from that of the
starting (CdSe)3[Cd(OAc)0.77(oleate)1.23]0.78 NPLs (Figure 4.14a) by 214 meV. The IR spectrum
of the exchange product was nearly featureless, consistent with the removal of en ligands and
their replacement by CdCl2 units (Figure 4.15b). The Cd/Se ratio measured for these NPLs by
EDS was 1.36 (Table 4.6), close to expectation for the idealized formula (CdSe)3[CdCl2].

Figure 4.14. Absorption spectra of (a) starting (CdSe)3[Cd(OAc)0.77(oleate)1.23]0.78 NPLs,
and after L- to Z-type ligand-exchange reactions by combining solutions of (b) CdCl2, (c)
ZnCl2, and (d) Zn(oleate)2 with {(CdSe)3[en]0.67} NPLs. Reprinted with permission from
Chem. Mater. 2020, 32, 5814−5826.
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Figure 4.15. FT-IR spectra of (a) starting (CdSe)3[Cd(OAc)0.77(oleate)1.23]0.78 NPLs, and
after L- to Z-type ligand-exchange reactions by combining solutions of (b) CdCl2, (c) ZnCl2,
and (d) Zn(oleate)2 with (CdSe)3[en]0.67 NPLs. Reprinted with permission from Chem.
Mater. 2020, 32, 5814−5826.

Table 4.6. EDS and ICP-OES dataa for NPLs corresponding to other L- to Z-type
ligand-exchange. Reprinted with permission from Chem. Mater. 2020, 32, 5814−5826.
Cd

Se

Cl

Cd:Se

Starting
55.73 ± 0.69 % 44.27 ± 0.69 %
1.26 ± 0.03
0% (0%)
carboxylate
(57.14%)
(42.86%)
(1.33)
ligated
49.28 ± 1.25 % 36.26 ± 1.22 % 14.46 ± 0.34 % 1.36 ± 0.06
CdCl2
(44.44%)
(33.33%)
(22.22%)
(1.33)
ligatedb
ZnCl2
ligatedc
Zn(oleate)2
ligatedd

46.21 ± 3.73 % 45.92 ± 2.95 %
(37.50%)

(37.50%)

(25.00%)

50.14 ± 0.76 % 49.86 ± 0.76 %
(50.00%)

7.87 ± 1.94 %

(50.00%)

a

0% (0%)

Cd:Zn
0 (0.00)

0 (0.00)

1.01 ± 0.10

2.92 (3.00)

1.01 ± 0.02

3.39 (3.00)

The data are given as elemental molar percentages. Theoretical values derived from the
ideal stoichiometries are given in parentheses. Cd:Zn ratios were measured by ICP-OES.
All other ratios were measured by EDS.
b
These NPLs were obtained by reaction of ethylenediamine-ligated NPLs and CdCl2.
c
These NPLs were obtained by reaction of ethylenediamine-ligated NPLs and ZnCl2.
d
These NPLs were obtained by reaction of ethylenediamine-ligated NPLs and Zn(oleate)2.
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At first consideration, one might expect that the (CdSe)3[CdCl2] NPLs produced by L- to Ztype ligand exchange might be the same as those produced by X- to X’-type ligand exchange
(see above; from reaction of (CdSe)3[Cd(OAc)0.77(oleate)1.23]0.78 NPLs and CdCl2/oleylamine).
However, the spectra of these two exchange products were shifted relative to one another by 92
meV, with the NPLs obtained by L- to Z-type ligand exchange having features shifted to lower
energies (compare Figures 4.3c and 4.14b). The EDS data showed that the stoichiometries of the
two products were not the same; the NPLs obtained from X- to X’-type exchange had the
formula (CdSe)3[CdCl2]0.54 (see above), whereas those obtained from L- to Z-type exchange had
the formula (CdSe)3[CdCl2]1.08 (with (CdSe)3[CdCl2]1.0 being the idealized formula). The NPLs
obtained from X- to X’-type exchange also contained hydrogen-bonded oleylamine units;
however, addition of oleylamine to the NPLs obtained from L- to Z-type exchange produced no
immediate spectral shift. We concluded that the spectral shift between the two chlorideexchange products was due to their differing stoichiometries.
We also investigated the related L- to Z-type ligand exchange between (CdSe)3[en]0.67 NPLs
and ZnCl2, which resulted in the absorption spectrum in Figure 4.14c. This spectrum was shifted
to lower energy from that of the starting (CdSe)3[Cd(OAc)0.77(oleate)1.23]0.78 NPLs (Figure 9a) by
90 meV, confirming that an exchange reaction had occurred, which had produced a different
exchange product than that of (CdSe)3[en]0.67 NPLs and CdCl2. The nearly featureless IR
spectrum of the exchange product was consistent with the removal of en ligands and their
replacement by ZnCl2 units (Figure 4.15c). In this exchange, the superstoichiometric Cd present
in the starting NPLs was expected to be replaced by Zn, giving a predicted empirical formula of
(CdSe)3[ZnCl2]1.0. The Cd/Se and Cd/Zn ratios measured by EDS and inductively coupled
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plasma optical emission spectroscopy (ICP-OES) were 1.01 and 2.92, respectively, consistent
with the expected exchange product.
Finally, we investigated the L- to Z-type ligand exchange between (CdSe)3[en]0.67 NPLs and
Zn(oleate)2. Interestingly, the absorption spectrum of this exchange product (Figure 4.14d)
exhibited nearly identical peak positions as those in the corresponding spectra of the starting
(CdSe)3[Cd(OAc)0.77(oleate)1.23]0.78 NPLs (Figure 4.14a), the exchanged (CdSe)3[Cd(oleate)2]
NPLs (Figure 4.8c), and the exchanged (CdSe)3[Cd(OAc)2] NPLs (Figure 4.8d). The IR
spectrum of the Zn(oleate)2-exchange product (Figure 4.15d) also corresponded closely to those
of the three Cd(carboxylate)2-ligated analogs (Figures 4.9d and 4.12). The presumed
stoichiometry of the Zn(oleate)2-exchanged NPLs was (CdSe)3[Zn(oleate)2]1.0. The Cd/Se ratio
of 1.01 determined by EDS for the exchange product was consistent with this idealized formula;
whereas the Cd/Zn ratio of 3.36 determined by ICP-OES was slightly high. We concluded that
the L- to Z-type ligand-exchange reaction produced NPLs of near the expected composition.

4.3.5 Attempted Z- to L-type Ligand Exchange with other NPLs
Having successfully conducting Z- to L-type exchange, and L- to Z-type exchange on 3-ML
zinc blende CdSe NPLs, we then investigated Z- to L-type exchange on NPLs of differing ML
thicknesses. NPLs having a 5-ML thickness were prepared by the method of Hens and
coworkers.9 These NPLs had mean lateral dimensions of (22.3 ± 2.1 nm) × (4.6 ± 0.4 nm) and
are shown in Figure 4.16a. The 5-ML NPLs were dispersed in a solution of ethylenediamine
under comparable conditions for Z- to L-type exchange of the large, 3-ML NPLs described
above. Remarkably, the orange-red dispersion became clear and colorless within 2 min,
consistent with the decomposition of the NPLs.
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Figure 4.16. TEM images of (a) 5-ML NPLs, (b) 4-ML NPLs, and (c) small, 3-ML NPLs.
Reprinted with permission from Chem. Mater. 2020, 32, 5814−5826.

Zinc-blende CdSe NPLs having a 4-ML thickness were prepared by the method of Ithurria
and coworkers,7 and exhibited mean lateral dimensions of (12.2 ± 1.4 nm) × (8.8 ± 0.8 nm); see
Figure 4.16b. Ethylenediamine was added to an orange dispersion of the 4-ML NPLs, resulting
in a gradual disappearance of color over a period of 15 – 20 min. Absorption spectra collected
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over this period are in Figure 4.17. After 5 min of reaction time, the absorption spectrum (Figure
4.17b) was observed to shift to lower energy, in the same direction observed for the reaction of
the large, 3-ML NPLs and ethylenediamine (described above). However, the spectrum
continued to broaden and decrease in intensity, and became featureless after 20 min. We
concluded that the 4-ML NPLs were decomposed in the presence of ethylenediamine with a rate
approximately one order of magnitude slower than that of the 5-ML NPLs and ethylenediamine.

Figure 4.17. Absorption spectra of (a) starting 4-ML CdSe NPLs, and after (b) 5 min, (c) 10
min, or (d) 20 min of reaction time in the presence of ethylenediamine. Reprinted with
permission from Chem. Mater. 2020, 32, 5814−5826.

We considered that the instability of the 4- and 5-ML NPLs to ethylenediamine may have
been due to their small lateral dimensions compared to those of the large, 3-ML NPLs (174 nm ×
22 nm) discussed above. To test this hypothesis, we sought to prepare 3-ML NPLs having
smaller lateral dimensions commensurate with those of the 4- and 5-ML NPLs. We attempted
this preparation by adapting the synthesis of Ithurria and coworkers for the 4-ML NPLs as
described in the Methods section.
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A TEM image of the resulting 3-ML NPLs is shown in Figure 4.16c. The mean lateral
dimensions of these NPLs were estimated to be (99 ± 14 nm) × (34 ± 5 nm). Precise
determination of their dimensions was precluded by the rolling distortion exhibited by many of
the NPLs (Figure 4.16c), in which they adopted a morphology approximating a half cylinder.
The length dimension of these NPLs was smaller than that of the large, 3-ML NPLs described
above, but the width dimension was actually larger than that of the large, 3-ML NPLs. Even so,
we label these NPLs as “small,” 3-ML NPLs. Clearly the lateral dimensions of the “small” 3ML NPLs are much larger than those of the 4- and 5-ML NPLs just described.
Ligand exchange in the small, 3-ML NPLs was attempted with ethylenediamine. Over the
first 3 h of reaction time, the color of the NPL dispersion was observed to change from yellow to
yellow orange, as the absorption spectrum began to broaden and develop a lower-energy
shoulder (Figure 4.18b, c). Subsequently the color faded, and the reaction mixture became
colorless in 2 – 3 days. Spectroscopic monitoring (Figure 4.18d, e) showed further broadening
and loss of intensity over extended times.

Figure 4.18. Absorption spectra of (a) starting small, 3-ML CdSe NPLs, and after (b) 1 h,
(c) 3 h, (d) 6 h, or (e) 10 h of reaction time in the presence of ethylenediamine. Reprinted
with permission from Chem. Mater. 2020, 32, 5814−5826.
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An aliquot of the NPL dispersion was removed after 3 h and analyzed by TEM (Figure 4.19).
The initial lateral dimensions of the small, 3-ML NPLs were apparently retained, as was the
combination of flat and rolled morphologies. However, the NPLs were perforated by large holes
through the broad faces of the NPLs. Significantly, close inspection revealed that these holes did
not initiate at the edges of the NPLs, and generally did not include the edges, suggesting that
they were initiated within the broad faces. Thus, these “small,” 3-ML NPLs were also unstable
to ethylenediamine, but over a timescale orders of magnitude slower than the decomposition of
the 4- and 5-ML NPLs. Only the “large,” 3-ML NPLs exhibited a successful Z- to L-type ligand
exchange with ethylenediamine.

Figure 4.19. A TEM image of small 3-ML CdSe NPLs after 3 h of reaction time in the
presence of ethylenediamine. Reprinted with permission from Chem. Mater. 2020, 32,
5814−5826.

4.4 Discussion
4.4.1 Z- to L-type Exchange with Ethylenediamine
As noted in the Introduction, flat, colloidal CdSe nanocrystals (nanoribbons or quantum
belts, QBs) having the wurtzite crystal structure undergo instantaneous, complete, and reversible
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L-type to Z-type ligand exchange.16,17 These nanocrystals express non-polar majority surface
facets having equal numbers of Cd and Se atoms, and thus provide a model system for the
ligand-exchange behavior of non-polar nanocrystal facets.
In contrast, CdSe NPLs having the zinc-blende crystal structure express polar facets,
terminated only by Cd atoms (and associated X-type ligands).12,13,15,22,23 Thus, these
nanocrystals potentially provide a model system for the ligand-exchange behavior of polar
nanocrystal facets. We anticipate that the ligand-exchange behavior of non-polar and polar
facets may be quite different. Therefore, the potential for reversible Z-type to L-type ligand
exchange in zinc-blende CdSe NPLs is very interesting to us.
We do not observe L-type for Z-type exchange with starting
(CdSe)3[Cd(OAc)0.77(oleate)1.23]0.78 NPLs and monodentate primary amines. However, a
reaction occurs with (CdSe)3[Cd(OAc)0.77(oleate)1.23]0.78 NPLs and the (potentially) bidentate
ethylenediamine ligand. This reaction requires several hours at room temperature, and is
therefore much slower than Z-type to L-type ligand exchange observed for flat CdSe
nanocrystals having the wurtzite structure.16,17
As reported above, the reaction of (CdSe)3[Cd(OAc)0.77(oleate)1.23]0.78 NPLs and
ethylenediamine affords (CdSe)3[en]0.67 NPLs, in which the superstoichiometric surface Cd
atoms and the carboxylate ligands are replaced by ethylenediamine ligands. Surprisingly, this
ligand exchange is accompanied by a shift in the absorption spectrum to lower energy by 122
meV (Figure 4.8). We have previously identified two origins for such spectral shifting: changes
in the strain states, or changes in the effective quantum-confined thicknesses of the flat
nanocrystals.7,16 The change in the strain upon Z-type to L-type ligand exchange in the zinc110

blende NPLs was small in comparison to the error in fitting the XRD data (Table 4.3), and could
not account for more than a 20 – 60 meV shift anyway, which is much smaller than the observed
shift.6-8,16 Because Cd atoms are removed from the CdSe lattice in the ligand exchange, the
effective thickness of the NPLs is decreased, which should have generated a spectral shift to
higher energy.16 Thus, although we cannot explain the origin of the observed shift, we conclude
that the electronic structure of the NPLs is significantly perturbed by the Z-type to L-type ligand
exchange.
The structural model for the zinc-blende CdSe NPLs in the introduction (Figure 4.1) shows
that both the top and bottom facets are terminated by Cd atoms, leading to an idealized
stoichiometry of (CdSe)3[Cd(carboxylate)2]. Upon exchange to L-type ligation by
ethylenediamine, the superstoichiometric Cd is removed. We can imagine various patterns for
its removal. In one limit, all of the superstoichiometric Cd is removed as either a complete top or
bottom layer, leaving one surface terminated by Se atoms, and the other by Cd atoms. Or, half of
the Cd atoms could be removed from both of the top and bottom surfaces. In that scenario, the
removal of alternating Cd atoms would generate a checkerboard pattern of Cd vacancies.
Alternatively, the Cd atoms could be removed in alternating rows. A depiction of that model is
given in Figure 4.20a.
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Figure 4.20. (a) A proposed structural model (edge view) of a 3-ML zinc-blende NPL after
Z- to L-type ligand exchange. Superstoichiometric surface Cd atoms are removed in
alternating rows. Each remaining surface Cd is bonded to a chelating ethylenediamine
ligand. (b) A proposed model (edge view) of a 3-ML zinc-blende NPL showing the removal
of Z-type Cd(carboxylate)2 units (in dashed boxes) that produces the structure in (a).
Reprinted with permission from Chem. Mater. 2020, 32, 5814−5826.

We prefer a model in which half of the Cd atoms are removed from both of the top and
bottom surfaces. Recall that each surface Cd atom in the as-synthesized NPLs is bound to a
single carboxylate ligand (Figure 4.1). Removal of all the Cd(carboxylate)1 units from one
surface would require them to scavenge all of the carboxylate ligands from the opposite surface
to generate the Cd(carboxylate)2 exchange byproduct. That seems mechanistically unlikely.
However, removal of half of the Cd(carboxylate)1 units from both the top and bottom facets
would only require them to scavenge the neighboring carboxylate ligands from the same surface
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(Figure 4.20b). We have no preference over models having the checkerboard pattern vs.
alternating rows of Cd vacancies, and note that many other possibilities, such as random
removal, also exist. However, here we select the model having alternating rows of Cd vacancies
for ease of visualization (Figure 4.20a). In this model, each surface Se atom is three coordinate,
and each surface Cd atom is two coordinate, prior to ligation by ethylenediamine. This may
explain the successful Z-type to L-type exchange with a potentially bidentate amine vs. the
monodentate amines. The chelation of ethylenediamine to the surface Cd atoms would allow
them to acquire four-coordinate, tetrahedral geometries. This structural model produces a
stoichiometry of (CdSe)3[en]1, close to the experimentally determined stoichiometry of
(CdSe)3[en]0.67.
The L-type ligation in (CdSe)3[en]0.67 NPLs is exchangeable to various forms of Z-type
ligation. Exchange with Cd(oleate)2 affords (CdSe)3[Cd(oleate)2]0.93, resembling the
composition of the starting NPLs, but closer to the ideal stoichiometry of
(CdSe)3[Cd(carboxylate)2]1. The ethylenediamine to CdCl2 exchange accomplishes nearly the
same outcome as a direct X- to X’-type ligand exchange using
(CdSe)3[Cd(OAc)0.77(oleate)1.23]0.78 NPLs. However, the ethylenediamine for ZnX2 (X = Cl and
oleate) provide heterostructured NPLs having surface metal atoms that differ from the core,
which could presumably be extended to other surface metals. All of the L-type ethylenediamine
to Z-type MX2 exchanges provide NPLs having closer to the ideal (CdSe)3[MX2]1 stoichiometry
than is achieved in the X- to X’-type exchanges, for an unknown reason.
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4.4.2 Failure of Z- to L-Type ligand exchange with the small 3-, 4-, and 5-ML
NPLs
As reported above the other zinc-blende CdSe NPLs we investigated are unstable to
ethylenediamine, such that a successful Z- to L-type ligand exchange is only achievable for us
with the “large” 3-ML NPLs. We can speculate about the origins of the instability for the other
cases.
The small lateral dimensions of the 4- and 5-ML NPLs result in larger fractions of atoms in
high-energy surface sites, including higher proportions of atoms positioned in edge sites. The
exchange from Z-type to L-type ligation apparently requires a significant surface reconstruction,
as suggested by Figure 4.20a, and the very slow exchange kinetics, which are five orders of
magnitude slower than the corresponding ligand exchanges in the analogous flat wurtzite CdSe
nanocrystals.16,17 Z-type to L-type ligand exchange also dramatically changes the electronic
structure of the zinc-blende NPLs. Apparently, the small, higher-energy NPLs cannot withstand
a rearrangement of this magnitude, and instead follow other reaction pathways that lead to
decomposition. We hypothesize that Z-type to L-type ligand exchange with ethylenediamine
may be possible for 4- and 5-ML NPLs having larger lateral dimensions, but have not tested this
hypothesis.
The “small” 3-ML NPLs are not actually very small. Their mean surface areas are almost as
large as those of the “large” 3-ML NPLs that are capable of Z- to L-type exchange. Thus, we
expect the origin of instability to ethylenediamine for the small 3-ML NPLs differs from that for
the 4- and 5-ML NPLs.
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Some of the small 3-ML NPLs exhibit a significant rolling distortion. Inspection of Figure
4.16c shows that roughly 67% of the NPLs are rolled, with the other 33% exhibiting a flat
morphology. Closer inspection reveals that the flat NPLs appear to be adhering to the carbon
film on the sample grid, whereas the rolled NPLs are lying above the flat NPLs. We surmise that
the flat NPLs are flattened by van der Waals interactions with the carbon film, and that all NPLs
would exhibit the rolling distortion in a solvent dispersion.
The large 3-ML NPLs also exhibit a morphological distortion (Figure 4.2), but it is a smaller
twist distortion than that exhibited by the small 3-ML NPLs. Perhaps the differing widths of the
large and small 3-ML NPLs induce the differing types and magnitudes of morphological
distortion. By XRD analysis, the two sets of NPLs exhibit very similar lateral and thickness
strains (Table 4.7 and Figure 4.21). However, these are the mean strains averaged over the entire
NPLs. For NPLs exhibiting a rolling distortion, the bonds on and near the outside (convex)
surface are under tensile strain, whereas those on and near the inside (concave) surface are under
compressive strains. The magnitudes of these strains could be quite large.

115

Table 4.7. XRD data for large and small 3-ML CdSe NPLs. Reprinted with permission
from Chem. Mater. 2020, 32, 5814−5826.
NPLs

2θ (220)a

Bulk CdSe
Large

41.38 ± 0.01

6.167 ± 0.006

+(1.93 ± 0.09)%

Small

41.32 ± 0.01

6.176 ± 0.008

+(2.08 ± 0.13)%

c (Å)

Thickness Strain

Bulk CdSe

b

Lateral Strain

6.05

2θ (220)b

a

a (Å)

6.05

Large

43.09 ± 0.05

5.932 ± 0.554

-(1.95 ± 9.16)%

Small

42.92 ± 0.08

5.956 ± 0.610

-(1.55 ± 10.08)%

These data were obtained from fitting the sharp 220 peaks in the XRD patterns.
These data were obtained from fitting the broad 220 peaks in the XRD patterns.

Figure 4.21. XRD patterns of (a) small, and (b) large 3-ML CdSe NPLs. The dashed line
identifies the 220 reflection in (b). Reprinted with permission from Chem. Mater. 2020, 32,
5814−5826.
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Figure 4.19 shows that the decomposition of the small 3-ML NPLs in the presence of
ethylenediamine ensues by the etching of holes in the broad facets where the strain induced by
the hemicylindrical curvature is maximized. We surmise that the strain energy at the etching
sites opens reaction pathways leading to the destruction and dissolution of the strained NPLs.

4.5 Conclusions
Zinc-blende NPLs exhibit polar, {100}, Cd-terminated facets, and as such provide a potential
model system for studying the ligand exchange of polar nanocrystal facets. We find that laterally
large, minimally strained 3-ML zinc-blende CdSe NPLs exhibit reversible, Z-type to L-type
ligand exchange with ethylenediamine. These ligand exchanges are orders of magnitude slower
than the corresponding ligand exchanges that occur with flat wurtzite nanocrystals, likely as a
result of significant surface reconstruction that accompanies the ligand exchanges. In contrast,
zinc-blende CdSe NPLs with small lateral dimensions or high curvature are decomposed in the
presence of ethylenediamine.
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Chapter 5
The Contrasting Ligand-Exchange Behavior
of Wurtzite and Zinc-Blende Cadmium
Telluride Nanoplatelets
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5.1 Introduction
In this chapter, we characterize the differing surface-exchange chemistries occurring on
wurtzite (WZ) and zinc-blende (ZB) CdTe nanoplatelets (NPLs). Nanocrystal surface ligation
determines many important properties of semiconductor nanocrystals, such as
photoluminescence efficiencies,1-4 band-edge energies,5-7 catalytic properties,7,8 and charge
extraction and transport.9-14 However, until fairly recently, nanocrystal surface ligation was
poorly understood.15-18 For example, II-VI nanocrystals prepared in the solvent TOPO were
presumed to be ligated by neutral-donor (L-type) TOPO ligands for many years, until careful
characterization found the predominant ligation to be anionic (X-type) n-octylphosphonate and
di-n-octylpyrophosphonate ligands derived from TOPO impurities.19,20 (Formally, X-type
ligands are neutral, one-electron donors, but they function as anionic, two-electron donors in
semiconductor nanocrystals.)21 These anionic ligands are bound to a superstoichiometric layer
of metal cations at the nanocrystal surfaces.22-24 In some cases, the superstoichiometric metal
cations and bound X-type groups may function together as neutral-acceptor (Z-type) MX2
ligands.
A variety of post-synthetic ligand exchanges, such as X-type to X’-type,9,10,25-27 and Z-type to
L-type,27,28 have been investigated, but such exchanges often do not go to completion.25,26,28
Indeed these ligand exchanges are complicated by the variety of surface facets terminating the
nanocrystals, which may be of different polarities (polar vs. nonpolar),29,30 and have different
structures,30,31 ligand densities,30 and ligand binding energies.32-34 The different facets may be
expected to have different preferences for X-type, Z-type, and L-type ligation. The ligand
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exchanges on the various facets expressed by conventional nanocrystals may differ, such that
complete exchange of native ligands may not be readily achieved.
The ligand exchanges on the various facets expressed by conventional nanocrystals may
differ, such that complete exchange of native ligands may not be readily achieved. Studies of
ligand exchange are greatly simplified for nanocrystals expressing only one facet type, having
the same or nearly the same structure on all facets, and thus the same exchange chemistry on all
facets. NPLs having the WZ and ZB structures constitute two such model systems, WZ for
nonpolar facets,35 and ZB for polar facets.36,37 The majority nonpolar facets of the WZ NPLs
have equal numbers of group-II and group-VI atoms, and are charge neutral.35 The polar facets
of the ZB NPLs are terminated by Cd atoms and are positively charged.37-39 We show herein that
WZ CdTe NPLs prefer L- and Z-type ligands, and can reversibly interchange them, whereas the
ZB CdTe NPLs prefer X-type ligands, and exhibit X-type to X’-type exchange.35,40-43

5.2 Experimental Section
5.2.1 Materials and General Procedures
WZ 5-ML CdTe NPLs,44 cadmium propionate,45 cadmium n-dodecanethiolate,40,46 a 1.0 M
tri-n-octylphosphine telluride solution,45 a 0.13 M zinc oleate dispersion,47 and a 0.11 M
cadmium oleate solution47 were prepared using previously reported methods. Ethylenediamine
(99.5%), n-octylamine (99%), oleylamine (technical grade, 70%), cadmium chloride (anhydrous,
99%), tellurium granules (−5 + 50 mesh, 99.99%), n-dodecanethiol (99.8%), 1-octadecene
(technical grade, 90%), zinc chloride (anhydrous, 97%), sodium hydroxide (97%),
tetrabutylammonium hydroxide solution (1.0 M in methanol), oleic acid (technical grade, 90%),
potassium nitrate (≥99%), calcium nitrate tetrahydrate (≥99%), sodium nitrate (≥99%),
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chloroform (99.9%, with amylenes as stabilizer), hexane (mixture of isomers, 98.5%), N,Ndimethylformamide (DMF, ACS reagent, ≥99.8%), and toluene (99.5%) were purchased from
Sigma-Aldrich. Cadmium acetate dihydrate (Cd(OAc)2·2H2O, Analytical Reagent) was
purchased from Mallinckrodt. Cadmium bromide (anhydrous, 98%) was purchased from Alfa
Aesar. Ethanol (anhydrous, 200 proof) was purchased from Decon Laboratories, Inc. The salt
bath used in the syntheses consisted of NaNO3 (54 g), KNO3 (164 g), and Ca(NO3)2·4H2O (117
g). TEM sample grids (carbon-coated copper) were obtained from Ted Pella, Inc. All reagents
were used as received without additional purification.

5.2.2 Characterization
UV-vis spectra were obtained from an Agilent Cary 60 UV-vis spectrophotometer. XRD
patterns were obtained from a Bruker d8 Advance X-ray diffractometer using Cu Kα radiation
(1.5418 Å) with a low-background silicon sample holder. TEM images were collected from a
JEOL 2000FX microscope with an acceleration voltage of 200 kV. EDS measurements were
obtained on the same JEOL 2000FX microscope at 200 kV. IR spectra were collected from a
Bruker Optics Alpha FT-IR system. Combustion-based elemental analyses data (C, H, N) were
obtained from Galbraith Laboratories, Inc. (Knoxville, TN). ICP-OES data were obtained from a
PerkinElmer ICP-OES PE Optima 7300DV.

5.2.3 Preparation of ZB 3-ML CdTe NPLs
This synthesis was adapted from the 3-ML CdTe NPL synthesis reported by Ithurria and
coworkers.42 In a 50-mL three-neck flask, a mixture of cadmium propionate (0.26 g, 1.0 mmol),
oleic acid (0.16 µL, 0.5 mmol), and 1-octadecene (20 mL) was stirred and degassed under
vacuum (0.2 torr) at 100 °C for 30 min. The mixture was heated under N2(g) in a salt bath.
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When the temperature of the reaction mixture reached 220 °C, a mixture of tri-n-octylphosphine
telluride solution (1.0 M, 200 µL, containing 0.20 mmol tri-n-octylphosphine telluride) and 1octadecene (400 µL) was quickly injected into the flask. After 25 min of growth at 220 °C and 5
min of growth at 225 °C, oleic acid (1.00 mL, 3.14 mmol) was injected, and the reaction flask
was removed from the salt bath and allowed to cool to room temperature. Ethanol (20 mL) and
hexane (20 mL) were added to the cooled reaction mixture, the combined mixture was
centrifuged (3500 rpm, 3 min), and the supernatant was discarded. The precipitate was dispersed
in hexane (15 mL) for further analysis. This preparation afforded 0.20 mmol of
(CdTe)3[Cd(carboxylate)2] assuming 100% reaction yield and the ideal formula of
(CdTe)3[Cd(carboxylate)2] for the NPLs.

5.2.4 Preparation of Ligand-Exchange Solutions
A CdCl2-ethanol solution (0.10 M) was prepared by dissolving CdCl2 (0.183 g, 1.00 mmol)
in ethanol (10 mL) with sonication. A CdBr2-ethanol solution (0.10 M) was prepared by
dissolving CdBr2 (0.272 g, 1.00 mmol) in ethanol (10 mL). A ZnCl2-ethanol solution (0.10 M)
was prepared by dissolving ZnCl2 (0.136 g, 1.00 mmol) in ethanol (10 mL). A CdCl2-methanol
solution (0.050 M) was prepared by dissolving CdCl2 (0.092 g, 0.50 mmol) in methanol (10 mL)
with sonication. A Cd(n-dodecanethiolate)2 dispersion (0.05 M) was prepared by dispersing
Cd(n-dodecanethiolate)2 (0.26 g, 1.00 mmol) in ethanol (10 mL) with sonication. A CdBr2methanol solution (0.050 M) was prepared by dissolving CdBr2 (0.136 g, 0.500 mmol) in
methanol (10 mL). A tetrabutylammonium hydroxide solution (0.050 M TBAOH in methanol)
was prepared by diluting tetrabutylammonium hydroxide solution (0.50 mL, 1.0 M TBAOH in
methanol) to 10 mL with methanol. A NaOH-methanol solution (0.050 M) was prepared by
dissolving NaOH (0.020 g, 0.50 mmol) in methanol (10 mL) with sonication.
124

5.2.5 L-Type to Z-Type Ligand Exchange on WZ 5-ML CdTe NPLs
Wurtzite CdTe NPLs were synthesized on a scale of about 1.8 g of reaction mixture in each
batch.44 An aliquot (0.12 g, containing roughly 0.02 mmol of CdTe) of the reaction mixture
from the synthesis of CdTe NPLs was dispersed in a mixture of chloroform (1 mL) and ethanol
(2 mL), which was then centrifuged and the supernatant discarded. The resulting product was
purified by an additional redispersion−centrifugation cycle with chloroform (1 mL) and ethanol
(2 mL), and was redispersed in chloroform (2 mL). To this mixture, the cadmium chloride
solution (0.1 M, 2 mL), zinc chloride solution (0.1 M, 2 mL), cadmium acetate solution (0.1 M,
2.0 mL), cadmium oleate solution (0.11 M, 2.0 mL), zinc oleate suspension (0.13 M, 2.0 mL), or
cadmium n-dodecanethiolate dispersion (0.1 M, 1.0 mL) was added. The color of the dispersion
changed from yellow to orange red for cadmium chloride ligand exchange, and changed to
orange for the other ligand exchanges, in 1 min. DMF (1 mL, for CdCl2 exchange reaction) or
ethanol (1 mL, for all other exchange reactions) was added to the reaction mixture, and the
combined reaction mixture was centrifuged (3500 rpm, 3 min) and the supernatant discarded.
The precipitate was redispersed in chloroform (1 mL) and ethanol (2 mL) and centrifuged again.
The supernatant was discarded, affording purified, ligand-exchanged NPLs.

5.2.6 Z-Type to L-Type Ligand Exchange on WZ 5-ML CdTe NPLs
The precipitate from an L-type to Z-type ligand exchange procedure was dispersed in
chloroform (2 mL) with sonication, and n-octylamine (1 mL) or oleylamine (1 mL) was added.
The solution turned yellow in 1 min. Ethanol (1 mL) was added to the reaction mixture, and the
combined reaction mixture was centrifuged (3500 rpm, 3 min) and the supernatant discarded.
The precipitate was redispersed in chloroform (1 mL) and ethanol (2 mL) and centrifuged again.
The supernatant was discarded, affording purified, ligand-exchanged NPLs.
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5.2.7 Oleate to Halide Ligand Exchange on ZB 3-ML CdTe NPLs
The exchange procedure was adapted from the ligand-exchange procedure reported by
Ithurria and coworkers42. A test tube was charged with toluene (3 mL), ethanol (100 µL) and an
aliquot of the stock ZB CdTe NPLs dispersion (300 µL, 4.00 µmol). To this mixture was then
added the CdCl2-, CdBr2-, or ZnCl2-exchange solution in methanol (400 µL, 0.050 M, 20.0
µmol). The color of the dispersion changed from yellow orange to orange within 10 min for
CdCl2, CdBr2, or ZnCl2. Ethanol (1 mL) was added to the reaction mixture, and the combined
reaction mixture was centrifuged (3500 rpm, 3 min) and the supernatant discarded. The
precipitate was redispersed in ethanol (1 mL) and hexane (2 mL) and again centrifuged (3500
rpm, 3 min). The supernatant was again discarded, affording purified, ligand-exchanged NPLs.

5.2.8 Isolation of Intermediate in Oleate to Halide Ligand Exchange on ZB 3ML CdTe NPLs
The precipitate from a X-type to X’-type ligand exchange procedure using CdCl2, CdBr2, or
ZnCl2 was dispersed in hexane (2 mL) or toluene (2 mL) with sonication, and oleylamine (200
µL, 607 µmol) was added. The color of the dispersion changed from orange to light orange
within 10 min. The purification procedure was the same as that employed in the other ZB
ligand-exchange procedures.

5.2.9 Halide to Oleate Ligand Exchange on ZB 3-ML CdTe NPLs
The precipitate from an oleate to halide ligand exchange procedure using CdCl2, CdBr2, or
ZnCl2 was dispersed in hexane (2 mL) with sonication, and the Cd(oleate)2 solution (1.0 mL,
0.11 M, 110 µmol) was added. The ligand-exchange reaction was allowed to continue overnight.
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The purification procedure was the same as that employed in the other ZB ligand-exchange
procedures.

5.2.10 Oleate to Hydroxide Ligand Exchange on ZB 3-ML CdTe NPLs
A test tube was charged with ethanol (3 mL) and an aliquot of the stock ZB CdTe NPLs
dispersion (300 µL, 4.00 µmol). To this mixture was then added the NaOH- or TBAOHexchange solution in methanol (800 µL, 0.050 M, 40.0 µmol). The color of the dispersion
changed from yellow orange to orange red after the addition of the ligand-exchange solution
within 2 min. The reaction mixture was centrifuged (3500 rpm, 3 min) and the supernatant
discarded. The precipitate was redispersed in ethanol (1 mL) and hexane (2 mL) and again
centrifuged (3500 rpm, 3 min). The supernatant was again discarded, affording purified, ligandexchanged NPLs.

5.2.11 Determination of Ideal Ligation Composition on WZ CdTe NPLs
The wurtzite CdTe NPLs have a discrete thickness of 1.9 nm and are determined to have 5
MLs of CdTe. 40% of the Cd and Te atoms are located on the large top and bottom facets of the
NPLs.
The wurtzite CdTe NPLs have mean lengths of 58.8 ± 6.1 nm, and mean widths of 25.0 ± 3.4
nm. The two long, non-polar edges of the NPLs also provide surfaces viable for ligand
exchange. These edges increase the total surface of NPLs by 7.6% (1.9 nm / 25.0 nm), making
the theoretical percentage of surface Cd and Te atoms to be 43%.
Among the surface Cd atoms, only half of them locate on "ridge" positions and can be
ligated; another half locate on "valley" positions and cannot be ligated. Therefore, only half of
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the 43% surface Cd atoms can be ligated, which is 43% / 2 = 22%. Thus, for wurtzite CdTe
NPLs, a full ML of Z-type surface ligation has an ideal formula of (CdTe)[Z]0.22.

5.3 Results
5.3.1 Starting WZ CdTe NPLs
The starting WZ CdTe NPLs were prepared by our published procedure, in a mixed noctylamine, oleylamine solvent.44 Combustion-based elemental analysis established the
composition (CdTe)[(n-octylamine)0.15 ± 0.01(oleylamine)0.27 ± 0.01] for the NPLs, reflecting the
molar ratio of the co-solvents employed. The Cd/Te ratio was measured to be 0.99 ± 0.02 by
ICP-OES and 1.01 ± 0.03 by EDS.48 A TEM image is given in Figure 5.1. The NPLs were
pseudo-rectangular with a mean length of 59 ± 6 nm, a mean width of 25 ± 3 nm, and a discrete
thickness of 1.9 ± 0.1 nm, corresponding to a thickness of 5 CdTe monolayers (MLs) of the WZ
crystal structure.44 The absorption spectrum of the orange NPLs matched that previously
reported (Figure 5.2a).

Figure 5.1. A TEM image of the WZ CdTe NPLs.

128

Figure 5.2. Absorption spectra of (a) starting (CdTe)[(n-octylamine)0.15(oleylamine)0.27]
NPLs, (b) after L- to Z-type ligand exchange with Cd(oleate)2, and after exchange back to Ltype ligation by adding (c) n-octylamine or (d) oleylamine to Cd(oleate)2-ligated NPLs.

5.3.2 L-Type to Z-Type Ligand Exchange on WZ CdTe NPLs
The combination of (CdTe)[(n-octylamine)0.15(oleylamine)0.27] NPLs and Cd(oleate)2
resulted in a shift of the absorption spectrum, with the lowest-energy feature shifting from 488
nm to 518 nm within 30 seconds (Figure 5.2b), while the dispersion became a slightly darker
orange. The spectral shift of 147 meV to lower energy was consistent with that observed in the
reaction of (CdSe)[n-octylamine]0.53 quantum belts (QBs) and Cd(oleate)2 of 140 meV in the
same direction.47 In the CdSe QBs the shift resulted from a change in the strain state of the
nanocrystals, and the addition of Cd atoms into lattice positions on the top and bottom QB
surfaces, thus extending the lattice in the confinement dimension and decreasing the quantum
confinement.47 The spectral shift observed here provided spectroscopic evidence of exchange of
L-type primary-amine to Z-type Cd(oleate)2 ligation of the CdTe NPLs, which was further
supported by the additional evidence below.
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The Cd(oleate)2-exchanged NPLs were characterized by other methods. The infrared
spectrum showed the disappearance of primary-amine features and appearance of the asymmetric
and symmetric CO2 stretches characteristic of the Cd(oleate)2 ligands (Figure 5.3b). The XRD
pattern confirmed the retention of the WZ crystal structure (Figure 5.4). TEM images were
similar to those of the starting amine-ligated NPLs (Figure 5.5), establishing retention of the
initial NPL morphology. The Cd/Te ratio measured by energy-dispersive X-ray spectroscopy
(EDS) in the TEM was 1.14, indicating an empirical formula of (CdTe)[Cd(oleate)2]0.14, which is
less than that previously established for the analogous (CdSe)[Cd(oleate)2]0.19 QBs.47 However,
the Cd(oleate)2 ligation on the CdTe NPLs was labile to the washing used in the purification, and
thus the true binding stoichiometry was likely underestimated by the EDS analysis. The results
suggested application of the surface-structure model previously proposed47 for Z-type ligation on
WZ CdSe QBs (discussed below) to WZ CdTe NPLs.

Figure 5.3. FT-IR spectra of (a) starting (CdTe)[(n-octylamine)0.15(oleylamine)0.27] NPLs,
(b) after L- to Z-type ligand exchange with Cd(oleate)2, and after exchange back to L-type
ligation by adding (c) n-octylamine or (d) oleylamine to Cd(oleate)2-ligated NPLs. Amine
N-H stretches are marked with boxes, and CO2 stretches are marked with arrows.
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Figure 5.4. XRD patterns of (a) starting (CdTe)[(n-octylamine)0.15(oleylamine)0.27] NPLs,
and after L- to Z-type ligand exchange with (b) Cd(oleate)2, (c) CdCl2, or (d) Zn(oleate)2.

Figure 5.5. TEM images of (CdTe)[(n-octylamine)0.15(oleylamine)0.27] NPLs after L- to Ztype ligand exchange with (a) Cd(oleate)2, (b) CdCl2, (c) Zn(oleate)2, or (d) ZnCl2.
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Exposure of the (CdTe)[Cd(oleate)2]0.14 NPLs to n-octylamine or oleylamine resulted in a
rapid back exchange to primary-amine ligation. The absorption spectra shifted to match the
spectra of the starting amine-ligated NPLs (Figure 5.2c, d). The IR spectrum confirmed the
amine ligation of the back-exchanged NPLs and the loss of Cd(oleate)2 ligands (Figure 5.3c, d).
Thus, L- to Z-type ligand exchange was found to be complete and reversible for WZ CdTe
NPLs, as we previously demonstrated for WZ CdSe NPLs.
Similar L- to Z-type ligand exchanges of the starting, amine-ligated, WZ CdTe NPLs were
conducted with CdCl2, Zn(oleate)2, and ZnCl2. The absorption spectra shifted to lower energies
in all of these cases (Figure 5.6). The largest shift (311 meV) was observed with CdCl2 ligation
(Figure 5.6b), as we previously observed for WZ CdSe QBs.40 The shifts observed (Figure 5.6c,
d) with the Zn(oleate)2 (76 meV) and ZnCl2 (156 meV) ligands were smaller than for the
corresponding CdX2 ligands, as expected.40,47 Although the Zn atoms in the ZnX2 ligands
occupy lattice positions on the top and bottom NPL facets, Zn is not Cd and thus does not extend
the CdTe lattice in the thickness dimension, hence the smaller spectral shift for ZnX2.
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Figure 5.6. Absorption spectra of (a) starting (CdTe)[(n-octylamine)0.15(oleylamine)0.27]
NPLs, and after L- to Z-type ligand exchange using (b) CdCl2, (c) Zn(oleate)2, and (d) ZnCl2.

The infrared spectra of the exchanged NPLs were also consistent with L- to Z-type ligand
exchanges (Figure 5.7). The spectra for the MCl2-ligated NPLs (Figure 5.7b, d) were featureless,
and that for the Zn(oleate)2-ligated NPLs (Figure 5.7c) contained the expected asymmetric and
symmetric CO2 stretches. XRD patterns (Figure 5.4) and TEM images (Figure 5.5) confirmed
retention of the wurtzite NPL cores and morphologies. The empirical formulas derived from the
EDS and ICP-OES data were (CdTe)[CdCl2]0.23, (CdTe)[Zn(oleate)2]0.11, and (CdTe)[ZnCl2]0.21,
near to the ligation stoichiometry established for the (CdTe)[Cd(oleate)2]0.14 NPLs. Like
Cd(oleate)2 ligation, the Zn(oleate)2 ligation was also labile to the washing used in the
purification. All of these NPLs exhibited complete back exchange to L-type ligation upon
exposure to primary amines (Figure 5.8). These additional examples showed L-type to Z-type
ligand exchange on the WZ CdTe NPLs to be quite general.
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Figure 5.7. IR spectra of (a) starting (CdTe)[(n-octylamine)0.15(oleylamine)0.27] NPLs, and
after L- to Z-type ligand exchange using (b) CdCl2, (c) Zn(oleate)2, and (d) ZnCl2.

Figure 5.8. FT-IR spectra of WZ CdTe NPLs after exchange back to L-type ligation by
adding oleylamine to (a) CdCl2-, (b) Zn(oleate)2-, or (c) ZnCl2- ligated NPLs. Amine N-H
stretches are marked with boxes.
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Thiolate ligation has been shown to increase the photoluminescence efficiencies of CdTe
colloidal quantum dots.49-53 The starting (CdTe)[(n-octylamine)0.15(oleylamine)0.27] NPLs
exhibited no detectable PL, so we explored installation of thiol ligands to determine their effect
on the CdTe NPL PL. The L-type amine ligation of the starting NPLs was exchanged for Z-type
Cd(n-dodecanethiolate)2 ligation, producing a shift of the absorption spectrum in the expected
direction (Figure 5.9). The IR spectrum (Figure 5.10) and TEM images (Figure 5.11) were also
consistent with the proposed exchange process. The composition of the exchanged NPLs was
determined to be (CdTe)[Cd(n-dodecanethiolate)2]0.23 by EDS. Sadly, the n-dodecanethiolateligated NPLs still exhibited no detectable PL.

Figure 5.9. Absorption spectra of (a) starting (CdTe)[(n-octylamine)0.15(oleylamine)0.27]
NPLs, and (b) after L- to Z-type ligand exchange with Cd(n-dodecanethiolate)2.
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Figure 5.10. FT-IR spectra of (a) starting (CdTe)[(n-octylamine)0.15(oleylamine)0.27] NPLs,
and (b) after L- to Z-type ligand exchange with Cd(n-dodecanethiolate)2.

Figure 5.11. A TEM image of (CdTe)[(n-octylamine)0.15(oleylamine)0.27] NPLs after L- to
Z-type ligand exchange with Cd(n-dodecanethiolate)2.

5.3.3 Failure of Z-Type to Bound-Ion-Pair X-Type Ligation on WZ CdTe
NPLs
Our previous studies of WZ CdSe QBs demonstrated that Z-type ligation, such as
Cd(oleate)2, was displaced by salts of general formula AX, resulting in X–-ligation to the QB
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with an associated cation A+, forming bound ion pairs.54 Thus, dispersions of WZ
(CdTe)[Cd(oleate)2]0.14 NPLs were exposed (separately) to the salts [(n-octyl)4N]Cl, [(noctyl)4N]Br, and [n-Bu4N]OH. Spectroscopic monitoring established that shifts consistent with
X– ligation were sometimes observed, but the magnitudes of the shifts were irreproducible, and
the spectra were considerably broadened. Attempted isolation of the exchanged NPLs resulted in
samples rapidly darkening to black, such that full characterization was not possible. An
attempted exchange employing NH4Cl resulted in an initial darkening and then a complete
bleaching of the solution color, indicative of complete decomposition of the NPLs. We
concluded that WZ CdTe NPLs having bound-ion-pair X-type ligation were unstable under the
conditions of our studies.

5.3.4 Starting ZB CdTe NPLs
The synthesis of 3-ML ZB CdTe NPLs was adapted from that reported by Ithurria and
coworkers,42 primarily by increasing the reaction temperature. This synthesis employed
Cd(propionate)2 as the Cd precursor, and the reaction was quenched by addition of oleic acid,
and thus the resulting NPLs were considered likely to contain a mixture of propionate and oleate
ligation. The nature of the ligation in the as-synthesized NPLs was investigated by IR
spectroscopy. The IR spectrum in the region of the CO2 stretches is shown in Figure 5.12a. For
comparison, NPLs having exclusively oleate (Figure 5.12b) and exclusively propionate (Figure
5.12c) ligation were prepared by exchange reactions described in the section below. The
spectrum of the as-synthesized NPLs contained the two symmetric stretches at 1405 and 1432
cm-1 observed in the spectrum of the oleate ligated NPLs, which were presumably due to
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different bonding modes of the oleate ligands. The spectrum of the as-synthesized NPLs also
contained the feature at 1375 cm-1 characteristic of the propionate ligand. We concluded that the
as-synthesized NPLs indeed possessed mixed ligation, although we did not determine the relative
quantities of the two ligands. Thus, we refer to the ligation in these NPLs as Cd(carboxylate)2.

Figure 5.12. IR spectra in the region of CO2 stretches: (a) as-synthesized ZB CdTe NPLs
and after back exchange to carboxylate ligation by combining (b) a Cd(oleate)2 solution and
(c) a Cd(propionate)2 solution with (CdTe)3[(CdCl2)]2 NPLs (described in the next section).
The dashed lines identify the asymmetric CO2 stretches near 1521 cm-1, the two symmetric
CO2 stretches in the oleate-ligated NPLs near 1405 and 1432 cm-1, and the propionate feature
at 1375 cm-1. The feature marked with an asterisk in each of the spectra corresponds to a
CH2-bending mode.

The composition determined for the NPLs by EDS analysis was
(CdTe)3[Cd(carboxylate)2]0.74, whereas the idealized composition was
(CdTe)3[Cd(carboxylate)2]1.00. (A slight deficiency in the superstoichiometric Cd and
carboxylate ligation has previously been determined in ZB CdSe NPLs.55) TEM images of the
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NPLs are given in Figure 5.13. They were pseudo-rectangular with mean length and width of
(232 ± 31) nm × (100 ± 19) nm. The absorption spectrum in Figure 5.14 confirmed the discrete
thickness of 3 ML.42 Because ZB NPLs contain an extra monolayer of Cd atoms, the actual
thickness was 3.5 ML, which is 1.9 nm.

Figure 5.13. A TEM image of 3-ML ZB CdTe NPLs.

Figure 5.14. Absorption spectra of (a) starting carboxylate-ligated 3-ML ZB CdTe NPLs,
and 3-ML ZB CdTe NPLs combined with CdCl2 after reaction times of (b) 2 min, (c) 3 min,
(d) 4 min, (e) 5 min, (f) 7 min, and (g) 10 min.

As noted earlier, the goal of this study was to compare the ligand-exchange behaviors of
corresponding WZ and ZB CdTe NPLs. Whereas the WZ NPLs described above had a 5-ML
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thickness, and the ZB NPLs a “3”-ML thickness, both discrete thicknesses were 1.9 nm. The
lowest-energy features in the absorption spectra of the WZ (488 nm) and ZB (500 nm) differed
by only 61 meV. The two sets of NPLs did differ in lateral dimensions, with the ZB NPLs being
larger. Even so, they were closely similar systems appropriate for comparative studies.

5.3.5 X-Type to X’-Type Ligand Exchange on ZB CdTe NPLs
X- to X’-type ligand exchange was adapted from the method of Ithurria and coworkers.42 In
a first exchange, the ZB CdTe NPLs were combined with CdCl2, resulting in a gradual color
change of the dispersion from yellow orange to orange (in 10 min). Reaction monitoring by
absorption spectroscopy revealed the formation and disappearance of an intermediate. After 2
min, product peaks were observed at 529 and 556 nm (Figure 5.14b). Over the next 8 min, the
529-nm peak decreased in intensity and disappeared, whereas the 556-nm peak grew in intensity
(Figure 5.14c-g). Interestingly, addition of oleylamine at the conclusion of the reaction shifted
the spectrum to higher energy such that the lowest-energy feature was at 533 nm (Figure 5.15c),
very close to the spectrum of the intermediate observed in the exchange reaction.
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Figure 5.15. Absorption spectra of (a) starting 3-ML ZB CdTe NPLs, (b) final CdCl2exchange product, and (c) oleylamine-treated, CdCl2-exchanged NPLs.
We sought to determine the difference between the intermediate and final exchange products.
The similarity in the spectra of the intermediate and oleylamine-treated NPLs suggested that they
may be the same or closely related NPLs. We surmised that the reaction of the initial
carboxylate-ligated CdTe NPLs occurred in two steps, the second of which was reversible upon
oleylamine addition. The primary role expected of CdCl2 in the X- to X’-type ligand exchange
was to exchange chloride ions for carboxylate ions. We considered that additional CdCl2 may
also coordinate to the NPL surface Cl atoms after the initial exchange reaction. If so, the Cd and
Cl content of the final NPL product would be higher than that of the NPLs after treatment with
oleylamine.
TEM images of the final and oleylamine-treated CdCl2-exchanged CdTe NPLs confirmed
retention of the initial morphology (Figure 5.16). The Cd/Te ratio measured by EDS for the final
CdCl2-exchanged NPLs was 1.68 (Table 5.1). That ratio conformed to an empirical formula
(CdTe)3[CdCl2]2.05, which was very close to an ideal empirical formula (CdTe)3[CdCl2]2. The
ideal formula for the X- to X’-type ligand exchange of chloride for carboxylate was
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(CdTe)3[CdCl2]1, accounting for the extra monolayer of Cd atoms, and the Cl atoms terminating
the Cd-rich facets.37 An empirical formula (CdTe)3[CdCl2]2 would have an additional monolayer
of CdCl2 ligands bound to the NPLs in some fashion.

Figure 5.16. TEM images of (a) final CdCl2-exchange product of ZB CdTe NPLs and (b)
CdCl2-exchanged, oleylamine-treated ZB CdTe NPLs.
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Table 5.1. Theoretical Compositions and EDS Dataa for 3-ML ZB CdTe NPLs
corresponding to X- to X'-type ligand exchange.
NPLs

Cd

Te

Cl or Br

Cd/Te

Theory for
(CdTe)3[Cd(carboxylate)2]1

57.14

42.86

0.00

1.33

As-synthesized
(CdTe)3[Cd(carboxylate)2]0.74

55.46 ± 1.04

44.54 ± 1.04

0.00

1.25 ± 0.04

Theory for (CdTe)3[CdX2]2

41.67

25.00

33.33

1.67

Experiment for
(CdTe)3[CdCl2]2.05 ± 0.18

46.27 ± 0.90

27.47 ± 0.80

26.26 ± 1.11

1.68 ± 0.06

Experiment for
(CdTe)3[CdBr2]1.67 ± 0.28

44.16 ± 1.42

28.34 ± 1.48

27.50 ± 1.78

1.56 ± 0.10

Theory for (CdTe)3[CdX2]1

44.44

33.33

22.22

1.33

Experiment for exchange
product after reaction of
(CdTe)3[CdCl2]2.05 ± 0.18 and
44.95 ± 1.13
oleylamine ((CdTe)3[(CdCl2)0.49 ±
0.11(oleylamine)x])

38.64 ± 0.64

16.40 ± 1.33

1.16 ± 0.04

Experiment for exchange
product after reaction of
(CdTe)3[CdBr2]1.67 ± 0.28 and
oleylamine ((CdTe)3[(CdBr2)0.68
± 0.16(oleylamine)y])

44.39 ± 1.09

36.13 ± 1.32

19.49 ± 2.09

1.23 ± 0.05

Experiment for exchange of
(CdTe)3[CdCl2]2.05 ± 0.18 with
Cd(oleate)2
((CdTe)3[Cd(oleate)1.47 ± 0.17Cl0.53
± 0.17]0.56 ± 0.14)

51.91 ± 1.15

43.71 ± 1.39

4.33 ± 0.49

1.19 ± 0.05

Experiment for exchange of
(CdTe)3[Cd(carboxylate)2]0.74
with NaOH
((CdTe)3[Cd(OH)2]1.02 ± 0.10)

57.25 ± 0.88

42.75 ± 0.88

0.00

1.34 ± 0.03

Experiment for exchange of
(CdTe)3[Cd(carboxylate)2]0.74
with [(n-Bu)4N]OH
((CdTe)3[Cd(OH)2]0.97 ± 0.06)

56.94 ± 0.49

43.06 ± 0.49

0.00

1.32 ± 0.02

a

The data are given as elemental molar percentages.
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The possibility of excess CdCl2 coordination was supported by other data and comparisons.
If the intermediate and oleylamine-treated CdCl2-exchange products had the ideal compositions
of (CdTe)3[CdCl2]1, then they would have smaller Cd/Te ratios of 1.33. As reported above, the
Cd/Te ratio in the initial carboxylate-ligated NPLs was 1.25, and thus slightly deficient in
superstoichiometric Cd.55 The Cd/Te ratio in the oleylamine-treated NPLs was found by EDS to
be 1.16, slightly more Cd deficient and clearly smaller than the Cd/Te ratio in the final CdCl2exchanged NPLs (1.68). Primary amines are known to extract CdX2 from the surfaces of ZB
CdSe NPLs, thus inducing Cd deficiencies.55
The Cl content of the final CdCl2-exchanged NPLs should also be higher for a proposed
empirical formula of (CdTe)3[CdCl2]2. This formula gave a Cl atomic percentage of 33.33%,
whereas that measured by EDS was 26%. In our experience, Cl percentages are often underdetermined by EDS. The ideal empirical formula we proposed for the (CdTe)3[CdCl2]1
intermediate and oleylamine-treated NPLs gave a Cl atomic percentage of 22.22%, whereas that
measured by EDS was 16%. Thus, the determined Cl contents in the final and oleylaminetreated CdCl2-exchanged NPLs were also consistent with a larger quantity of bound CdCl2 in the
former.
The IR spectra of the final and oleylamine-treated CdCl2-exchanged NPLs are included in
Figure 5.17. As expected for the removal of carboxylate ligation and replacement by chloride
ligation and excess CdCl2, the IR spectrum of the final CdCl2-exchange product was featureless
(Figure 5.17b). The spectrum of the oleylamine-treated NPLs, however, matched that of
oleylamine, indicating that oleylamine was retained in the coordination environment of the final
CdCl2-exchanged NPLs. We proposed that the retained oleylamine was bound to the surface
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chloride ligands in a hydrogen-bonding-like interaction, as previously found by Ithurria and
coworkers for ZB CdSe NPLs.42 We further proposed that the binding of oleylamine was the
origin of the small spectral shift (18 meV) between the intermediate NPLs (Figure 5.14b) and the
oleylamine-treated NPLs (Figure 5.15c). They both possessed chloride ligation, but the
intermediate did not have oleylamine bound to the chlorides.

Figure 5.17. FT-IR spectra of (a) starting 3-ML ZB CdTe NPLs, (b) final CdCl2-exchange
product, and (c) CdCl2-exchanged, oleylamine-treated NPLs. CO2 stretches are marked with
arrows, and amine N-H stretches are marked with a box.

The proposed pathway for the stages of the reaction of carboxylate-ligated NPLs and CdCl2
are summarized in Scheme 5.1. In the initial step, the carboxylate ligands were replaced by
chloride ligands, generating the intermediate NPLs. Because excess CdCl2 was employed, an
additional ML of CdCl2 coordinated to the surface chlorides in a second step, producing the final
CdCl2-exchanged NPLs. Addition of oleylamine removed the additional CdCl2, and produced
the chloride-ligated NPLs with oleylamine bound to the surface chlorides. Surface structural
models for these stages are proposed in the Discussion.
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Scheme 5.1. Proposed Pathway for the Stages of the Reaction of 3-ML ZB CdTe NPLs
and CdCl2.

Related X-to-X’ exchange reactions were conducted with the carboxylate-ligated ZB CdTe
NPLs and (separately) CdBr2, and ZnCl2. In both cases, the exchanges paralleled that for CdCl2
as described above and in Scheme 5.1. Initial NPL intermediates were observed to form and
disappear by absorption spectroscopy, being replaced by final MX2-exchanged NPLs having
absorption spectra shifted to lower energy (Figures 5.18 and 5.19). Addition of oleylamine in
both cases resulted in a shift of the absorption features to positions close to those of the
intermediate NPLs (Figures 5.18 and 5.19).
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Figure 5.18. Absorption spectra of (a) starting carboxylate-ligated 3-ML ZB CdTe NPLs,
and 3-ML ZB CdTe NPLs combined with CdBr2 after reaction times of (b) 2 min, (c) 3 min,
(d) 4 min, (e) 5 min, (f) 7 min, and (g) 10 min, and (h) CdBr2-exchanged, oleylamine-treated
NPLs.

Figure 5.19. Absorption spectra of (a) starting carboxylate-ligated 3-ML ZB CdTe NPLs,
and 3-ML ZB CdTe NPLs combined with ZnCl2 after reaction times of (b) 2 min, (c) 3 min,
(d) 4 min, (e) 5 min, (f) 7 min, and (g) 10 min, and (h) ZnCl2-exchanged, oleylamine-treated
NPLs.
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The compositional data (Table 5.1) and IR spectra (Figure 5.20) for the products of the
CdBr2 and ZnCl2 were consistent with the products and pathway depicted in Scheme 5.1. IR
spectra were nearly featureless for the final exchange products, and contained only oleylamine
features for the amine-treated NPLs. The empirical formula determined from the EDS-measured
Cd/Te ratio for the final CdBr2-exchanged NPLs was (CdTe)3[CdBr2]1.67, which was CdBr2
deficient relative to the ideal formula of (CdTe)3[CdBr2]2. The empirical formula determined
similarly for the oleylamine-treated CdCl2-exchanged NPLs was (CdTe)3[CdBr2]0.68, which was
also CdBr2 deficient relative to the ideal formula of (CdTe)3[CdBr2]1. As noted above, primary
amines extract surface CdX2 from ZB NPLs.55 The EDS data for the ZnCl2-exchanged NPLs
were scattered and did not allow reliable empirical formulas to be determined.

Figure 5.20. IR spectra of (a) as-synthesized carboxylate-ligated 3-ML ZB CdTe NPLs,
final (b) CdBr2-exchange or (c) ZnCl2-exchange product, and (d) oleylamine-treated, CdBr2treated NPLs. CO2 stretches are marked with arrows, and amine N-H stretches are marked
with a box.
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We previously observed large spectral shifts in the absorption spectra of WZ CdSe QBs54
(339 meV) and ZB CdSe NPLs56 (331 meV) upon introduction of hydroxide ligation. The WZ
CdSe QBs have stoichiometric cores. Thus, coordination of OH– deposits a negative charge on
the QB surface, which is balanced by an associated cation (Na+ or (n-Bu)4N+), forming an ion
pair bound to the surface through the ligated OH–. Such ligation is bound-ion-pair X-type
ligation.15,54,57 However, the ZB CdSe NPLs have nonstoichiometric cores with
superstoichiometric layers of Cd terminating all facets.38 In this case, hydroxide ligation requires
no charge-balancing counter-cations, and is simple X-type ligation. As reported above, boundion-pair X-type ligation, including hydroxide ligation, appeared to be unstable on WZ CdTe
NPLs. We sought to determine the stability of hydroxide ligation on ZB CdTe NPLs.
The carboxylate-ligated ZB CdTe NPLs were combined with [(n-Bu)4N]OH in ethanol.
Within two min, the absorption spectrum shifted by 246 meV to lower energy, with the lowestenergy feature appearing at 555 nm (Figure 5.21b). A similar experiment conducted with NaOH
gave a similar shift, with the lowest-energy feature appearing at 552 nm (Figure 5.21c). As
expected, the two spectra are close to identical. No intermediate species appeared in either case,
consistent with the lack of an appropriate Lewis acid to coordinate to the surface hydroxides in a
second coordination shell. By comparison, the spectral shift observed with hydroxide ligation
(246 meV) was much larger than those for Cl (136 meV) or Br (100 meV) ligation (Figures 5.14
and 5.18; see the intermediate species).
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Figure 5.21. Absorption spectra of (a) starting 3-ML ZB CdTe NPLs, and after X- to X'type ligand exchange with (b) [(n-Bu)4N]OH and (c) NaOH.

The OH-ligated NPLs were isolated and subjected to analysis by IR spectroscopy (Figure
5.22). The spectra contained absorbances for both hydroxide and carboxylate ligands,
suggesting the exchanges may not have gone to completion. The Cd/Te ratios determined by
EDS were 1.34 ± 0.03 for exchange with NaOH, and 1.32 ± 0.02 for exchange with [(nBu)4N]OH (Table 5.1). These ratios are surprisingly close to the ideal ratio of 1.33, given that
the exchange was conducted with Cd-deficient carboxylate-ligated CdTe NPLs. The isolated,
OH-exchanged NPLs were stable for about 1 h in the atmosphere.
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Figure 5.22. FT-IR spectra of (a) as-synthesized, carboxylate-ligated ZB CdTe NPLs, (b)
NPLs after ligand exchange with [(n-Bu)4N]OH, and (c) NPLs after ligand exchange with
NaOH. The boxes identify the OH stretches.

We then sought to determine the reversibility of X-to-X’ ligand exchange on the ZB CdTe
NPLs. The final CdCl2-exchanged NPLs of composition (CdTe)3[CdCl2]2 were combined with
an excess of Cd(oleate)2 to effect back exchange to carboxylate ligation. The absorption
spectrum gradually shifted from that of the (CdTe)3[CdCl2]2 NPLs (Figure 5.23a) to higher
energy as expected for carboxylate ligation. After 12 hours the lowest-energy spectral feature
had shifted to 510 nm (Figure 5.23b), near to that expected for (CdTe)3[Cd(oleate)2] NPLs (500
nm). After 24 h the spectrum (Figure 5.23c) shifted slightly closer to that expected for
(CdTe)3[Cd(oleate)2] NPLs, but the intensity of the spectrum was significantly diminished. After
48 h, the absorption spectrum was very weak, consistent with the decomposition of the NPLs.
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Figure 5.23. Absorption spectra of (a) (CdTe)3[CdCl2]2 NPLs, after addition of Cd(oleate)2
and (b) 12 h and (c) 24 h of reaction time, and (d) as-synthesized 3-ML ZB CdTe NPLs.

The NPLs were harvested after a ligand-exchange reaction time of 24 h for compositional
analysis by EDS (Table 5.1). The determined Cd/Te ratio of 1.19 was lower than that expected
for (CdTe)3[Cd(oleate)2] NPLs (1.33), indicating a Cd deficiency as has been noted above.
Significantly, residual Cl was detected (4.33%), suggesting that the back exchange had not gone
to completion, consistent with the incomplete shift in the absorption spectrum (Figure 5.23). The
empirical formula determined from the EDS data was (CdTe)3[Cd(oleate)1.47Cl0.53]0.56. The IR
spectrum of these back-exchanged NPLs is recorded in Figure 5.12b. Propionate-ligated NPLs
were prepared by a similar exchange reaction using Cd(propionate)2, and their IR spectrum is in
Figure 5.12c. The (CdTe)3[Cd(oleate)1.47Cl0.53]0.56 NPLs were insufficiently stable under the
exchange conditions to achieve a complete back exchange. We concluded that the X-to-X’
exchange was in principle reversible, but for an unknown reason the back exchange was also
accompanied by the decomposition of the NPLs.
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5.3.6 Failure of Z-type to L-type Ligand Exchange on ZB CdTe NPLs
We previously reported that ZB CdSe NPLs undergo Z-type to L-type ligand exchange with
ethylenediamine.56 The carboxylate ligands and extra ML of Cd contained in ZB NPLs are the
stoichiometric equivalent of Z-type ligation, as is revealed by the ideal empirical formula
(CdSe)3[Cd(carboxylate)2]. We found that ethylenediamine removed and replaced this Z-type
ligation in 3-ML ZB CdSe NPLs having large lateral dimensions and low twist strains to afford
(CdSe)3(en)0.67 NPLs (en = ethylenediamine). This Z-type to L-type ligand exchange was also
found to be reversible.56
The 3-ML ZB CdTe NPLs studied here also possessed large lateral dimensions and exhibited
no twist or rolling strains (Figure 5.13). We thus investigated the possibility of the Z-type to Ltype ligand exchange with these CdTe NPLs. The combination of the 3-ML ZB CdTe NPLs and
either n-octylamine or oleylamine resulted in no changes in the absorption spectrum of the NPLs.
However, the photoluminescence intensity of the NPLs was significantly decreased by exposure
to the primary amines, suggesting that some Cd(carboxylate)2 was extracted.55 The combination
of the CdTe NPLs and ethylenediamine, a bidentate ligand, resulted in a blackening of the
reaction dispersion within a few seconds, and a colorless solution within 10 s. Thus, the
carboxylate-ligated CdTe NPLs were unstable to ethylenediamine.
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5.4 Discussion
5.4.1 Surface-Structure Models
We noted in the introduction that WZ and ZB NPLs are model systems for studying
nanocrystal surface chemistry because of their unusual faceting relative to pseudospherical
nanocrystals. The majority top, bottom, and long-edge facets of WZ NPLs are nonpolar (Figure
5.24a) and have closely related structures, as is detailed below.35,58 (Only the end facets are
polar, but they constitute only 3% of the total surface area of the NPLs, and may be ignored.) In
contrast the facets of ZB NPLs are polar (Figure 5.24b), and generally considered to be
symmetrically equivalent members of the {100} form.37,38 (Just a few counter-examples have
recently appeared.39,59) Thus, the ZB and WZ NPLs have identical or nearly identical majority
facets, respectively, that exhibit the same ligand-binding and ligand-exchange chemistries. Thus,
the ZB and WZ NPLs are models for the surface chemistry of polar and nonpolar facets,
respectively.
The structure of the large top and bottom facets of WZ NPLs is depicted in Figure 5.24a.
These {11� 20} facets of WZ NPLs have a parallel ridge-and-valley configuration running parallel

to the long [0001] axis of the NPLs. Zig-zag (-Cd-Se-Cd-Se-)n chains run along each ridge and
each valley. The {11� 00} edge facets also exhibit a ridge-and-valley structure, having a slightly
different atomic arrangement (see Figure 5.25). The top, bottom, and edge facets are nonpolar
because they contain equal numbers of Cd and Se atoms.
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Figure 5.24. Lattice orientations, facet labels, and surface structures of (a) WZ CdTe NPLs
and CdSe QBs. The unshaded regions are ridges and shaded regions are valleys. Cadmium
atoms are presented in yellow and chalcogenide atoms in pink. Adapted with permission
from Chem. Mater. 2020, 32, 205-214. Copyright 2019 American Chemical Society. (b) ZB
CdSe or CdTe NPLs. Cadmium atoms in the top monolayer are presented in yellow, while
those below the top monolayer are gray. Chalcogenide atoms are presented in pink.
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Figure 5.25. Surface structure of the edge facets of WZ CdTe NPLs. The unshaded regions
are ridges and shaded regions are valleys. Cadmium atoms are presented in yellow and
chalcogenide atoms in pink.

The atoms in the valley positions are in four-coordinate, tetrahedral environments due to
bonding to ridge and core atoms. Thus, valley atoms are sterically saturated and unavailable for
ligation. However, the atoms in ridge positions are three-coordinate and surface ligation may
occur at these positions. Thus, half of the surface atoms on the top, bottom, and two edge facets
are available for ligation.
Because we know the discrete thickness of the NPLs (5 CdTe MLs), and the mean lengths
and widths, we can calculate theoretical empirical formulas for various ligation patterns. For
example, the bonding of one Z-type ligand per each surface Te atom in a 3-coordinate ridge
position produces the formula (CdTe)[Z]0.22 (see §5.2.11). In the WZ CdSe QBs we studied
previously, the theoretical formula is slightly different, (CdSe)[Z]0.26, because the
width/thickness ratio in the QBs is smaller.47 Some experimental compositions of WZ CdSe
QBs and NPLs having Z-type ligation are (CdSe)[Cd(oleate)2]0.19,47 (CdSe)[CdCl2]0.27,60
(CdSe)[CdBr2]0.24,60 and (CdSe)[CdI2]0.26.60
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The experimentally determined stoichiometries of (CdTe)[CdCl2]0.23, (CdTe)[ZnCl2]0.21, and
(CdTe)[Cd(n-dodecanethiolate)2]0.23 are very close to expectation for the surface-structure model
discussed above ((CdTe)[Z]0.22). In contrast, the ligation is stoichiometrically deficient in
(CdTe)[Cd(oleate)2]0.14 and (CdTe)[Zn(oleate)2]0.11. As noted above, the M(oleate)2 ligation is
labile to washing. For comparison the Cd(oleate)2 ligation in (CdSe)[Cd(oleate)2]0.19 QBs is also
deficient relative to expectation ((CdSe)[Z]0.26).47 This may reflect ligand lability or the greater
steric bulk of M(oleate)2 ligands relative to the other MX2 ligands.
Similar arguments may be applied to the bonding of L-type ligands to the WZ NPLs or QBs.
The binding of one L-type ligand per each surface Cd atom in a 3-coordinate ridge position
produces the formulas (CdTe)[Z]0.22 for the NPLs and (CdSe)[Z]0.26 for the QBs. For the WZ
CdSe QBs, the experimentally determined stoichiometry for n-octylamine binding is (CdSe)[noctylamine]0.53, which is twice the initially expected value. We proposed a surface-structure
model, supported by literature precedent,61 in which one amine ligand bonds to each surface
ridge Cd atom and one amine ligand bonds to each surface ridge Se atom.47 The interaction of
the n-octylamine and 3-coordinate surface Se atoms is proposed to be a hydrogen-bonding-like
interaction.47,61 This structural model suggests an ideal stoichiometry of [(CdTe)L0.43] for L-type
ligation on the CdTe NPLs. We determined a stoichiometry of (CdTe)[(noctylamine)0.15(oleylamine)0.27] for the mixed-amine ligation of the CdTe NPLs, which reduces
to [(CdTe)L0.42], in good agreement with the surface-structure model proposed.
The surface-structural models for Z-type and L-type ligation to the large {11� 20} facets of

WZ CdTe NPLs and CdSe QBs are depicted in Figure 5.26. The model for Z-type ligation

(Figure 19a) shows the central M atom of each MX2 ligand bridging adjacent Se atoms along the
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ridges, allowing M to achieve a 4-coordinate environment. This bonding configuration is
speculative, and not experimentally confirmed. The model for L-type ligation (Figure 5.26b)
shows an amine ligand bound to each Cd and Se atom along the ridges. As discussed above, no
ligands coordinate to atoms in valley positions. These structural models are consistent with the
experimentally determined ligation stoichiometries.

Figure 5.26. Views of a top WZ CdTe NPL or WZ CdSe QB facet, with the valley positions
shaded. Cd atoms are yellow, and Te/Se atoms are pink. (a) Z-type ligation. Yellow circles
(with black borders) represent the proposed coordination of the M atoms in the MX2 units to
ridge Te/Se atoms in a bridging mode. (b) L-type ligation. Blue dots represent n-octylamine
ligands bonded to both ridge Cd and Te/Se atoms.

The structure of the large top and bottom {001} facets of ZB NPLs is depicted in Figure
5.24b. The edge and end facets are symmetrically equivalent and have the same structure. Note
that these facets have an alternating, checkerboard pattern of two-coordinate (yellow) and four-
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coordinate (gray) Cd atoms. The two-coordinate Cd atoms are in the top ML, whereas the fourcoordinate Cd atoms are in a sublayer. All Se atoms are in 4-coordinate environments, and
unavailable for surface ligation. Ligation occurs only at the 2-coordinate Cd atoms. Because all
facets are terminated by a layer of Cd atoms, they are polar facets.
Termination of all facets by Cd atoms results in nonstoichiometric NPL cores. For 3-ML
NPLs, the core stoichiometry is Cd4Te3. If one imagines an ionic lattice, the surface Cd atoms
bear positive charge, which must be balanced by anionic ligands. This gives the ZB NPLs a
preference for X-type ligands (carboxylates and halides, for example). By original definition,21
X-type ligands are neutral, one-electron donors, but they are added and removed from
nanocrystals as anions, and so are more usefully considered as anionic two-electron donors in
this work. Thus, the charge-balanced stoichiometry for the 3-ML NPLs is Cd4Te3X2, which we
have rewritten as (CdTe)3[CdX2] with the superstoichiometric Cd and charge-balancing X-type
ligands collected together.
Each two-coordinate Cd atom bonds to one X-type ligand. For ZB CdSe NPLs, Peng and
coworkers showed that carboxylate ligands adopt chelating configurations, placing the surface
Cd atoms into four-coordinate, tetrahedral geometries (Figure 5.27a).39 By comparing calculated
and observed XRD patterns of ZB CdSe NPLs, Ithurria and coworkers determined that halide
ligands bridge asymmetrically between adjacent surface Cd atoms,42 giving them distortedtetrahedral four-coordinate geometries (Figure 5.27b, c). We assume the same ligand-bonding
configurations for ZB CdTe NPLs; however, the halide ligands are shown in Figure 5.27b, c, and
d to bridge symmetrically for simplicity.
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Figure 5.27c shows the X ligands, which bridge between adjacent surface Cd atoms, to be
positioned above Se atoms. The Se atoms visible in Figure 5.27c belong to two different
sublayers in the crystal structure. The ideal stoichiometry (CdTe)3[CdX2] requires that exactly
half of the visible Se atoms be “covered” by surface X ligands. In principle, the X ligands could
be positioned in many different ways to achieve this condition. For example, the X ligands could
be positioned to cover complete rows of Se atoms (Figure 5.28), alternating with empty rows.
However, we show them in an alternating checkerboard pattern (Figure 5.27c) to accommodate
the coordination of CdX2, as described below.

Figure 5.27. Views of ZB CdTe NPLs with differing ligation. Cd atoms are yellow (surface
layer) or gray (sublayer), Se atoms are pink, and halide atoms are green. (a) Side view of a
carboxylate-ligated NPL. (b) Side view and (c) top view of a halide-ligated NPL. (d) Top
view of a halide-ligated NPL with an extra half layer of CdX2 coordinated to surface Cl
atoms. The Cd atoms in the CdX2 ligands are shown with black borders. The Cl atoms in
the CdX2 ligands are not shown.
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Figure 5.28. Top view of a halide-ligated NPL with a hypothetical structure having halide
ligands covering alternating rows of Se atoms. Cd atoms are yellow (surface layer) or gray
(sublayer), Se atoms are pink, and halide atoms are green.

The coordinated CdX2 ligands in (CdTe)3[CdX2]2 are proposed to adopt bridging
configurations in which the Cd atom in CdX2 bridges between surface X ligands (see Scheme
5.1). Such configurations are shown in Figure 5.27d with the CdX2 units (represented by blackbordered, yellow Cd atoms) bridging surface X ligands along diagonals (in the [110] direction).
The CdX2 units are positioned directly above half of the surface Cd atoms (yellow), such that
each surface X is bonded to one CdX2. This is consistent with the stoichiometry
(CdTe)3[CdX2]2, as half of the surface Cd atoms on the top facets are “covered” by CdX2 units,
and half on the bottom surface, equaling one formula unit of CdX2.
We may use the coordination of CdX2 units to distinguish between the possible arrangements
of the underlying surface X ligands. As noted above, they might be arranged in complete rows
alternating with empty rows (Figure 5.28), or in the checkerboard pattern shown in Figure 5.27c.
If the pattern in Figure 5.28 is correct, the coordinated CdX2 units would bridge adjacent X
ligands along the complete rows in the [100] direction. These X ligands are separated by 3.025
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Å. If the pattern in Figure 5.27c is correct, the coordinated CdX2 units bridge adjacent X ligands
along the [110] diagonals shown in Figure 5.27d. These X ligands are separated by 4.278 Å.
Thus, we need to assess which spacing is most reasonable.
We may also consider the coordinated CdX2 units along with the surface X ligands to be
surface-ligated [CdX4]2– ligands, in which the Cd atom exhibits a tetrahedral geometry. Free,
tetrahedral [CdX4]2– units have been structurally characterized by X-ray crystallography.62-64 In
these [CdCl4]2– structures, the separation between the Cl atoms averages to 4.00 ± 0.20 Å, which
is clearly closer to the X-X spacing in Figure 5.27c (4.278 Å), than in Figure 21 (3.025 Å). In
[CdBr4]2– structures, the separation between the Br atoms averages to 4.23 ± 0.11 Å,65-68 which is
identical to the X-X spacing in Figure 5.27c. This analysis supports the checkerboard pattern of
X ligation in Figure 5.27c, d, which positions the coordinated CdX2 groups along the [110] rather
than the [100] direction on the 001 facets.

5.4.2 Contrasting Exchange Behavior of WZ and ZB NPLs
Here we analyze the ligand-exchange behavior of WZ CdSe QBs and CdTe NPLs, and ZB
CdSe and CdTe NPLs. The WZ QBs and NPLs support the reversible exchange of L-type and
Z-type ligation very readily.40,47 The WZ CdSe QBs undergo reversible Z-type to bound-ion-pair
X-type exchange, but the X-type ligation exists in saturated and depleted levels, and in some
cases is washed away by solvents.54 Thus, bound-ion-pair X-type ligation appears to be
comparatively weakly bound to the majority facets on the WZ QBs and NPLs. Bound-ion-pair
X-type ligation is not convincingly established on the WZ CdTe NPLs by the present study.
Thus, L-type to Z-type ligand interchanges are robust in the WZ systems, whereas interchanges
with X-type ligation are less so.
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In contrast, the ZB NPLs undergo X-type to X’-type ligand exchange very well.41-43,69-72
These exchanges are quite reversible on ZB CdSe NPLs.56 As shown herein, exchange of
chloride-ligated ZB CdTe NPLs to oleate-ligated NPLs did proceed, but not to completion,
because the NPLs were unstable under the exchange conditions. Thus X-type to X’-type
exchange is less reversible for the ZB CdTe NPLs. In our general experience, the CdTe NPLs
are less stable than are the corresponding CdSe NPLs. We note that Ithurria and coworkers first
reported X-type to X’-type exchange in ZB CdTe NPLs in the supporting information for ref 42.
ZB NPLs undergo reversible L-type to Z-type exchange only in limited circumstances. We
previously reported such exchanges, with ethylenediamine as the L-type ligand, in 3-ML ZB
CdSe NPLs having large lateral dimensions and low strains.56 However, ZB CdSe NPLs having
higher rolling strains or small lateral dimensions are decomposed upon exposure to
ethylenediamine. Here, attempted Z-type to L-type on ZB CdTe NPLs using ethylenediamine
also resulted in decomposition of the NPLs. In the case of successful Z-type to L-type exchange,
the exchange kinetics are 5 orders of magnitude slower than the corresponding exchanges in WZ
NPLs.56 We argued that the slow kinetics reflect a major surface reconstruction required for Ztype to L-type exchange in ZB NPLs.56 Thus, in contrast to WZ NPLs and QBs, X-type to X’type ligand interchanges are robust in the ZB systems, whereas Z-type to L-type exchanges are
rare.
Thus, the WZ and ZB QBs or NPLs exhibit nearly the opposite exchange behavior. The ZB
systems prefer X-type ligation, well tolerate X-type to X’-type exchange, but do not easily
tolerate Z-type to L-type exchange. Whereas, Z-type or L-type ligation is very stable in the WZ
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systems, but exchange to bound-ion-pair X-type ligation has only been achieved for CdSe QBs
and NPLs.
As noted above, both the ZB and WZ cases are model systems for studies of ligand
exchange. The WZ QBs and NPLs express majority nonpolar facets, whereas the ZB NPLs
express polar facets terminated by Cd layers. Thus, the nonpolar WZ facets prefer neutral-donor
L-type or neutral-acceptor Z-type ligands. In contrast, the polar, cationic ZB facets prefer
anionic X-type ligands. We propose that the contrasting exchange behaviors of the WZ and ZB
systems arise from these understandable preferences.

5.5 Conclusions
Flat, II-VI, colloidal nanocrystals having WZ and ZB structures are model systems for ligand
exchange on nonpolar and polar facets, respectively. WZ CdTe NPLs undergo rapid and
reversible L-type to Z-type ligand exchange, whereas bound-ion-pair X-type ligation appears to
be unstable. In contrast, ZB CdTe NPLs undergo semi-reversible X-type to X’-type exchange,
but are unstable with L-type ligation. Thus, nonpolar and polar facets exhibit nearly opposite
ligand-exchange chemistry and ligand preferences, arising from the preference of non-polar
facets for neutral (L- or Z-type) ligands, and polar Cd-terminated facets for anionic (X-type)
ligands.
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Chapter 6
Conclusions and Future Work

170

6.1 Conclusions
In this dissertation, we systematically studied the syntheses, shell-deposition on, and the
surface ligand exchange chemistry of 2-dimensional cadmium telluride and cadmium selenide
nanoplatelets.
First, a new Te precursor, tris(dimethylamino)phosphine telluride, was prepared and was
found to have significantly higher reactivity than the commonly used R3PTe precursors for
nanocrystal synthesis. Wurtzite CdTe nanoplatelets, (CdTe)13 magic-size nanoclusters, and
polytypic CdTe quantum wires were synthesized with this Te precursor and were carefully
characterized. In primary amine solvent, this tellurium precursor was found to undergo
transamination reaction, affording the transaminated aminophosphine telluride mixture, which is
the actual tellurium precursors in these conditions. The enhanced reactivity of this tellurium
precursor was ascribed to the increased nucleophilicity due to the amino-N lone pairs.
Having prepared the wurtzite CdTe nanoplatelets, shell deposition was then achieved while
maintaining the flat, rectangular morphologies and the smooth surface textures of the original
CdTe nanoplatelets. The spectra of 2D CdTe nanoplatelets was fine-tuned over the visible
spectrum by cyclic deposition of monolayer and sub-monolayer CdS and CdSe shells. ICP-OES
and EDS results established 0.21−0.34 monolayers of CdS and 0.99−1.20 monolayers of CdSe
being deposited on CdTe nanoplatelets in each cycle. Similar cyclic shell-deposition method
was also adapted to 2D CdSe nanoplatelets. Spectral shifts were calculated to scale with the
inverse square of the total core-shell nanoplatelet thickness. Hence, the first examples of coreshell 2D nanocrystals having CdTe cores was provided.
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Following the preparation of and shell-deposition on CdTe nanoplatelets, the surface ligand
exchange chemistry of CdSe and CdTe nanoplatelets were systematically investigated. In
Chapter 4, Z-type (Lewis-acidic) ligation on zinc-blende CdSe nanoplatelets were reversibly
exchanged for L-type (Lewis-basic) ligation with ethylenediamine. L-type to Z-type ligation
was found to be a new class of post-synthetic surface modification for zinc-blende nanoplatelets.
The kinetics of L-type to Z-type ligand exchange were found to be five orders of magnitude
slower than the corresponding exchanges on nonpolar facets, and require a significant surface
reconstruction.
In Chapter 5, the scope of surface ligand exchange reactions was further extended, and the
differing ligand exchange behavior on zinc-blende and wurtzite-NPLs were compared and
contrasted. Due to different surface structures, wurtzite and zinc blende CdTe NPLs show
contrasting surface ligand exchange behavior. We found that the neutral, nonpolar facets of the
wurtzite nanoplatelets exhibit reversible neutral Z-type acceptor to neutral L-type donor ligand
exchange, but are not amenable to anionic X-type ligation. The positively charged polar facets
of the zinc-blende nanoplatelets exhibit semi-reversible anionic X-type to X’-type ligand
exchange, but are not amenable to Z-type to L-type exchange, and do not tolerate L-type ligation.
Thus, neutral nonpolar facets prefer neutral Z-type or L-type ligation and exchange between
them, whereas charged, polar facets prefer charged X-type ligation and exchange between
various X-type ligands.
Hence, the four combinations of zinc-blende/wurtzite CdTe or CdSe nanoplatelets can all be
synthesized, shell-deposited, and ligand exchanged now. Further surface functionalization and
applications of these systems will be facilitated by this research.
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6.2 Future Work
First, as we thoroughly discussed, both the zinc-blende and wurtzite phase of CdTe and CdSe
nanoplatelets can now be readily synthesized and ligand exchanged. However, due to the thin
thickness, the large surface area, and the lattice strains,1,2 the cadmium telluride and cadmium
selenide nanoplatelets employed in this research are sensitive to air and water, severely limiting
their applications. Syntheses of flat, colloidal CdTe and CdSe nanocrystals are typically
conducted in an atmosphere- and water-free environment.3-6 After isolation from the synthetic
mixture, they last only a few hours to a few days before dissociation. Further applications of
these materials demand an increase in the air- and water-stability of these nanocrystals.
Moreover, many real-life applications of nanocrystals are in aqueous phase, hence requiring
aqueous dispersibility. The CdTe and CdSe nanoplatelets are synthesized with organic ligands,
and are not soluble in water. Although we reported here that hydroxide ligands can be installed
on these nanoplatelets via post-synthetic ligand exchange reactions, the OH-ligated nanoplatelets
typically possess poor stability.7,8 With shell deposition, the nanoplatelets can be stable for up to
1 month,9 but they cannot tolerate water. Future syntheses and research should address the
stability and aqueous-dispersibility issue of CdTe and CdSe nanoplatelets.
Second, although we have established different types of surface ligand exchange reactions on
wurtzite or zinc-blende CdTe and CdSe nanoplatelets, the ligands we chose were primarily
simple inorganic or organic ligands, which are best examples of their corresponding ligand types.
These ligands, however, are limited in providing functions for the nanoplatelets. We have
attempted to improve photoluminescence performance by installing thiolate ligands on CdTe
nanoplatelets, but were not successful. Many other ligands can be studied and purposely
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installed on these nanoplatelets in order to further functionalize these nanocrystals. Ideally,
charge extraction, separation, and transport, as well as other applications such as light emission
and photocatalysis, may be achieved via surface functionalization.10-12
Last, 2D semiconductor nanocrystals such as CdTe and CdSe nanoplatelets tend to form
face-to-face bundles or stacks.13,14 Emphasis can be put in investigating the methods of
assembling these nanoplatelets into orderly arrangements of arrays or superlattices15-17 through
first surface modification and functionalization, and second a coating method such as drop
casting, dip coating, or spin coating. Because 2D nanocrystals have significantly larger surface
area than the corresponding quantum dots, these 2D nanostructures can largely enhance the
electronic coupling of adjacent nanocrystals, supporting charge extraction and transport.1,18,19
Moreover, the band-edge structures and optical properties can be fine-tuned via synthetic control,
shell deposition, and surface modifications.2 Therefore, further research can focus on the orderly
assembly of these nanoplatelets into thin films as the active-layer materials of thin-film solar
cells.
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